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Abstract
Three sets of hydrographic data are used to examine the changes in tem-
perature and salinity in the subtropical North Atlantic. Transatlantic hydrographic
sections at 24.50 N were obtained in October 1957, in August 1981, and finally in
July-August 1992.
A general warming was found over the upper 3000 m of the North Atlantic
at 24.5 0N, over the entire 35-year period. There is high variability over time over
most of the upper 1000 m. In the layer between 1000 m and 3000 m, a significant
warming of 0.1±0.02 'C has been observed. The rate of warming is 0.030C/decade
and is nearly steady in the two periods. Significant cooling is found in water deeper
than 3000 m in both the North American (-0.027±0.016 oC) and the Canary Basins
(-0.013±0.005 oC). There are some indications that the /S relationship at 24.5 ON
has changed over time. The nonuniform change of the depth of isotherms, due to
the diverse pattern of warming or cooling, results in a change in the volume of water
masses. Expansion in the North American Basin occurs in the transition zone between
Antarctic Bottom Water and lower North Atlantic Deep Water, with a rate of 9
km 2/year. In the Canary Basin the expansion is larger and has mostly taken place
in the last 11 years. Contraction occurs in the North Atlantic Deep Water, and
expansion in the thermocline water.
Finally, using a simple heat calculation, we find that there is no significant
difference between the heat flux estimated from the three surveys performed in 1957,
1981, and 1992 at 24.50N .
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Introduction
As scientific understanding of the causal mechanisms for environmental changes im-
proves there is an accompanying public awareness of the susceptibility of the present
environment to significant regional and global change. Understanding the basic mech-
anisms of climate is a key to early detection of change in the earth's climate system.
Since the ocean-atmosphere system is driven by the sun's radiation, it is im-
portant to know what the response of the system is to the known radiative input. The
ocean carries a significant fraction of the meridional heat flux that makes the middle
latitudes of the earth habitable. Vonder Haar and Oort (1973) found that in the
region of maximum net northward energy transport by the ocean-atmosphere system
(30-350N) the ocean transports 47% of the required energy. At 200 N, where the ocean
transport reaches a maximum, they estimate that the ocean accounts for 74% of the
total meridional heat transport. So the ocean is critical in the redistribution of solar
energy.
The Atlantic Ocean is the most saline of all the world oceans. It has significant
exchange of water masses, heat and salt with several marginal seas, regions in which
important transformations of water masses take place. A complex thermohaline-
driven circulation moves water masses both northward and southward along its west-
ern boundary regions. The Atlantic Ocean has been well surveyed in the twenti-
eth century with various large scale surveys such as International Geophysical Year
(IGY), Geochemical Ocean Sections Studies (GEOSECS), Long Lines (LL), South
Atlantic Ventilation Experiment (SAVE) and the World Ocean Circulation Experi-
ment (WOCE). The Atlantic is the source of North Atlantic Deep Water (NADW),
and in it can be found several other important water masses: Mediterranean Water,
Antarctic Intermediate Water (AAIW) and Antarctic Bottom Water (AABW).
The 24.50 N transatlantic section is an archetypic transoceanic hydrographic
section. It is rich in water masses and crosses the North Atlantic in the middle of
the subtropical gyre. It provides a census of major intermediate, deep and bottom
water masses whose sources are in the Antarctic and far northern Atlantic as well
as estimates of the thermohaline circulation of these water masses and of the wind-
driven circulation in the upper water column. Furthermore, the 24.50 N section crosses
the northward flowing Gulf Stream through the Florida Straits and the southward
wind-driven Sverdrup flow in mid-ocean at essentially the latitude of maximum wind
stress curl.
The 24.5 0N section was measured in 1957 (IGY data) (Fuglister, 1960), and
1981 (Roemmich and Wunsch, 1984). Although hydrography is a traditional method
for obtaining the geostrophic flow throughout the water column, the quantity and
quality of the measurements have been dramatically increased since the use of elec-
tronic instrumentation such as CTD (Brown, 1974). This new technique has been
used in the later periods of sampling.
From analyses of the 1957 section, Hall and Bryden (1982) determined that
the Antarctic Intermediate water flows northward across 240N between 600 and 1100
m depth, North Atlantic deep water flows southward between 1200 and 4500 m, and
Antarctic bottom water flows northward below 4500 m depth. They found a vertical
meridional cell with a net northward flow across 24 0N of 18 x 106 m3/s of warmer water
in the upper 1000 m of the water column and a southward return as intermediate and
deep water between 1000 and 4500 m depths. Roemmich and Wunsch (1985) reported
a similar pattern of water masses and meridional flow on the 1981 section.
The 24.50 N section was one of the sections repeated during WOCE (section A-
5, WOCE Implementation Plan) which Gregorio Parrilla from the Instituto Espaiiol
de Oceanograffa (IEO), proposed to the Spanish government. For this proposal, Par-
rilla had the important support of Harry Bryden and Robert Millard from Woods
Hole Oceanographic Institution. Parrilla obtained the approval of his proposal with
the help of two favorable conditions. First in 1992 Spain was celebrating the Quincen-
tennial of one important episode in its modern history The Discovery of America. In
1492 Columbus and his Spanish sailors left Palos de Moguer (Golfo de Cadiz) for the
Islas Canarias. After that, they sailed westward approximately at 24°N reaching San
Salvador (Bahamas Islands) on October 12, 1492. The second favorable circumstance
was the building of a new oceanographic ship for the Spanish Antarctic Program.
The cruise was carried out in July-August of 1992 with the participation of
scientists from the Instituto Espaiiol de Oceanograffa, Woods Hole Oceanographic
Institution, and other Spanish and American institutions such as Instituto de In-
vestigaciones Marinas, Centro de Estudios Avanzados de Blanes, Ciencias del Mar
de la Universidad de Las Palmas, Universidad de La Corufia, Programa de Clima
Maritimo del MOPT, Ainco-Inter Ocean, Lamont Doherty Geological Observatory,
and RSMAS University of Miami.
The objective of this research is to quantify the response of the ocean to the
warmer atmospheric conditions of the last decade and compare the conditions with
previous surveys. Roemmich and Wunsch (1984) reported warming between 700
and 3000 m, and weak cooling above and below those depths. We have done the
same calculation for the two periods of comparison 1957-1981 and 1981-1992. The
procedure was as follows. First, the comparison was made using two methods based
on cubic splines and objective mapping, and the differences between the cruises and
the zonal average of the differences were calculated. Next, the area occupied by the
different water masses in the three cruises was calculated, and these areas are related
to the strength of their possible sources. The changes in the temperature/salinity
relationship are examined.
Second, we discuss the transport of heat. Using a simple heat calculation, we
have tried to see whether the heat transport across 240 N has changed in time from
one cruise to other.
Chapter 1
Description of the Data
1.1 Introduction
The objective of this research is to investigate the climatic variations of temper-
ature, salinity, and heat fluxes over the subtropical Atlantic Ocean from the surface
to 6000 m depth during the last 35 years. The data used includes three oceano-
graphic cruises on which zonal hydrographic sections at latitude 24.50 N were carried
out: the first one in October 1957, by the British R.R.S. Discovery II of the National
Institute of Oceanography (Chief Scientist L.V. Worthington, Woods Hole Oceano-
graphic Institution) during the International Geophysical Year (Fuglister 1960); the
second one in August 1981, by the R.V. Atlantis Ilof the Woods Hole Oceanographic
Institution (Chief Scientist D. Roemmich, at that time Woods Hole Oceanographic
Institution) (Roemmich and Wunsch, 1985); the last one in July-August of 1992 by
the Spanish B.I.O. Hespirides of the Armada Espaiiola, (Chief Scientist Gregorio
Parrilla, Instituto Espafiol de Oceanograffa).
The section chosen is situated in the central part of the subtropical gyre. The
transect was done always downwind, westward from Africa to America. It began at
the African continental shelf, which is quite flat, with depths increase slowly, reaching
4000 m around 20°W, and 5500 m around 250W. The bottom of the Canary Basin
is situated between 30°and 35 0 W, west of this longitude the beginning of the Mid-
Atlantic Ridge becomes apparent. The Mid-Atlantic Ridge extends until 53 0 W, is
centered at about 45°W, with the shallowest parts reaching 3000 m. West of the
ridge, the bottom is smooth in the North American Basin with depths between 5500
and 6500 m. The western boundary is quite steep from 5000 m to the Bermuda Bank.
The extent of both basins is 3000 Km, but the North American basin is deeper on
average than the African basin.
All the data are interpolated to a common set of depths. These depths are
closely spaced in the upper waters, with increasing separation toward the bottom.
The spacings are chosen to resolve the large structures of the general circulation and
the mesoscale variability. Table 1.1 lists the standard depths. Data and interpolation
procedures are described here for each cruise.
1.2 Discovery II 1957 IGY Data
There is a detailed description of the cruise in Fuglister (1960). The cruise
was carried out between October 6 and October 28, 1957, from 16020'W to 75 028'W.
The total number of stations was 38 and the sampling was done using reversing
thermometers and Nansen bottles.
Temperatures are stated to be accurate within ± 0.01"C, depth is accurate
within ± 5 m based on reading of paired protected and unprotected thermometers
and salinity is accurate to ± 0.005 /,,o.
Data were converted from depth to pressure using Saunders's formula (Saun-
ders, 1981). Temperatures were based on IPTS-48 (International Practical Temper-
ature Scale 1948), conversion to IPTS-68 (Barber 1969) is possible by Fofonoff and
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Bryden (1975) formula. Differences, however are less than 0.01 in surface and less
than 0.002 for temperature lower than 4 OC. Such differences are lower than the ac-
curacy of the measurements and therefore the 48 scale were used. Salinities were
based on the old scale (part per thousand), before the Practical Salinity Scale, the
differences between the two scales are well below the accuracy of the measurements.
Therefore, all salinity data used in this research are based in PSS-78 (pss).
For the discrete bottle data, vertical linear interpolation was made between
adjacent data points for each station to the standard depths. Data were plotted to
check the values and detect errors in interpolation.
1.3 Atlantis II 1981 Long Lines Data
Detailed description of the cruise is in Roemmich and Wunsch (1985). The
cruise began August 11 from Las Islas Canarias with the first station off Cape Juby
(Morocco). The last station was east of the Bahamas Bank on September 4. Two
sections were made across the Florida Current at 26002 ' N and 27 023'N to finish on
September 6. The mid-Atlantic section was composed of 90 stations sampled by Neil
Brown Instrument CTD/0 2 . A 24-bottle rosette water sample was used for CTD-0 2
calibrations (Millard, 1982).
Simple averages of nearly continuous CTD/0 2 measurements are made to de-
rive the standard depths values. The 'window' was set 20 m above and 20 m below the
standard depths. When the CTD did not reach the bottom to enable interpolation
to all available standard depths, linear vertical extrapolation was allowed to estimate
one more standard depth from the last two interpolated depths.
1.4 Hesperides 1992 WOCE Data
The 1992 24.50 N section, designated A-5 by WOCE (WOCE Implementation
plan), was made by the Spanish B.I.O. Hesperides of the Armada Espaiiola, (Chief
Scientist Gregorio Parrilla, Instituto Espafiol de Oceanograffa). The boat departed
from C diz on July, 14 sailing to Las Islas Canarias; six stations were made in this
track for testing CTDs and rosette.
We left Las Palmas on July 20 arriving at station number one (24 029.97'N,
15058.08'W) the same day. The section was finished at the Bahamas (24 030'N
75 0 31'W) after 101 stations on August 14. On August 15, a section of 11 stations
across of the Florida Current at 26 03'N was done. Figure 1.1 gives the location of the
stations.
Two NBIS/EG&G Mark IIIb CTD underwater units each equipped with pres-
sure, temperature, conductivity and polographic oxygen sensors were used throughout
the cruise. Their serial number are 1100 and 2326. A General Oceanics rosette fit-
ted with 24 Niskin bottles of 10 or 12 liter of capacity was used with the CTD for
collecting water samples. In all cases, data were collected from the ocean surface to
within a few meters of the bottom.
Both NBIS/EG&G Mark IIIb CTDs were equipped with titanium pressure
sensors manufactured by Paine Instrument. The temperature sensor was a Rose-
mount platinum # 171. The conductivity sensor is a 3-cm alumina cell manufactured
by NBIS/ED&G. The CTD work was supervised by G. Parrilla (IEO) and H. Bry-
den (WHOI), software and calibrations by R. Millard (WHOI) and hardware by J.
Molinero (IEO) and G. Bond (WHOI).
Water sampling included measurements of salinity, oxygen, nutrients (sili-
cate, nitrate, nitrite and phosphate), chlorofluorocarbons (CFC), pH, alkalinity, C0 2,
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Figure 1.1: Section at 24.50 N in the North Atlantic. Dots denote the location of
stations in the 1992 Hespirides cruise. IGY 1957 track was similar, but spacing
between stations was larger than in the 1992 section. Atlantis 1981 was also at that
latitude west of 24.5*W. For the comparison I have used this common part.
90°W 750W 15°W OOE
particulate matter, chlorophyll pigments, 14C and aluminum. Underway Acoustic
Doppler Current Profiler (ACDP) measurements were also taken. Typically, 24 sam-
ples were obtained for each station. The water sample salinities were measured with
a Guildline Autosal model 8400A salinometer by R. Molina (IEO). Oxygen determi-
nations were carried out primarily by J. Escanez (IEO). (G. Parrilla, Cruise report
in preparation).
Since in this research we have used only CTD/0 2 data, I will describe only
these observations. Data acquisition and calibrations were done following the proce-
dures given by Millard and Yang (1993). The EG&G data logging program CTDACQ
was used to record down and up profiles and CTDPOST was used to flag spurious
data. The remainder of the CTD post-processing was performed using the WHOI
PC based CTD processing system as described by Millard and Yang (1993).
The CTD/0 2 profiles require accurate calibration of conductivity, tempera-
ture, and pressure sensors in the laboratory. This is particularly important in deep
water (below 1500 m) where variations in temperature and salinity are small. CTD
pressure, temperature, and conductivity sensors for both CTDs were calibrated at
WHOI before and after the cruise. The best fit NBIS/EG&G Mark IIIb CTD sensor
calibration is usually found to be linear in conductivity, quadratic in temperature,
and quadratic for the titanium pressure transducer (Millard et al., 1993). The poly-
nomial coefficients to calibrate the raw sensor data are determined using standard
least squares techniques.
Temperature calibrations are based on the International Practical Temperature
Scale 1968 (IPTS-68, Barber,1969). All the comparisons are made in this scale. In
pressure, resolution is 0.1 db, with an accuracy of ± 2.0 db for CTD number 1100 and
± 5.0 db for CTD number 2326. The temperature resolution was 0.0005'C with an
accuracy better than ± 0.0015 0 C (Millard and Yang, 1993) over the range 0 to 300 C.
A comparison of pre-cruise and post-cruise calibration shows a large (0.01 to 0.0150 C)
shift of temperature in the same direction in both CTDs. This shift was traced to a
faulty pre-cruise laboratory temperature standardization, and was removed from the
calibrations.
For calibration purposes, acquisition programs allow the operator to create
a file of CTD observations at the time of bottle closure, and write averaged values
of the raw, uncalibrated CTD/0 2 sensor data around that point. An iterative fit-
ting procedure has been developed for determining both conductivity and oxygen
algorithm model coefficients (Millard and Yang, 1993) to minimize the differences
between the CTD data and the water samples. Pre-cruise calibration data and in
situ water sample salinity and oxygen were used on board to calibrate conductivity
(salinity) and oxygen. These data were considered preliminary until the post-cruise
laboratory calibration was completed.
The conductivity sensor resolution was 0.001 Ms/cm and an overall accuracy
of the CTD conductivity calibrated to the rosette water bottle salinities is estimated
as better than ± 0.0025 pss. CTD 1100 was used for stations 1-62, 74-80, 89-101
and the Florida Strait section; CTD 2326 was used for stations 63-71 and 81-88. The
conductivity calibrations were examined closely at the change of instruments.
After acquiring the CTD data, the four post-processing steps are: editing,
pressure averaging, calculation of calibrated data quantities, and pressure centering
and data quality control. We edited the raw station data just after the finish of each
station. Erroneous CTD observations were flagged and pressure-averaging programs
replaced these observations. To match the conductivity data time response to that of
the temperature data, an exponential recursive filter was applied to the conductivity
sensor data (Millard, 1982). The edited raw CTD data was gridded to form a centered
uniform pressure series with calibrated salinity and oxygen data in two steps. The
pressure-averaging step replaced the erroneous input data, applied the conductivity-
temperature sensor lags, and bin averaged the raw data in uniform pressure steps
of 2 decibars. After that, a pressure centering step converted the data to physical
units by applying the calculation polynomial and interpolated the pressure averaged
observations to a uniform pressure series.
Data quality control was performed to check the integrity of the calibrations
and water sample measurements. Temperature, salinity, oxygen, and potential den-
sity anomaly profiles versus pressure were examined, also salinity and oxygen versus
potential temperature diagrams of consecutive stations are examined. Calibration
data and quality control of this cruise has been done by R. Millard (WHOI), G.
Parrilla (IEO), M. J. Garcia (IEO), H. Bryden (Rennel Center, U.K.) and myself.
The 2-db temperature, salinity, and oxygen data have been smoothed with a
binomial filter and then linearly interpolated (Mamayev et al., 1991) as required to
the standard levels (Table 1.1). When the CTD did not reach the bottom, to enable
interpolation to all available standard depths, linear vertical extrapolation were used
to estimate one more standard depth from the last two interpolated depths. Figure
1.2 A, B and C present distributions of temperature, salinity, and oxygen for the 1992
Hesperides Section.
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Chapter 2
Comparison over Time of Temperature and Salinity
2.1 Introduction
The objective of this research is to investigate the climatic variations of tem-
perature and salinity over the tropical Atlantic Ocean from the surface to 6000 m
depth during the last 35 years. All three available cruises have been done at the
nominal latitude of 24.50 N. However, the 1981 cruise started on the African Conti-
nental shelf at 27.9N and angled southwestward to joint 24.50 N at 24.3 0 W due to
the Sahara war which was close to the coast at 24.50 N.
The nominal station spacing in the IGY survey was 185 km. On the Atlantis
II, the spacing varied between 50 and 80 km with shorter spacing when the stations
were over the continental slopes and the Mid-Atlantic Ridge. The same criteria were
used for the Hesp"rides survey, but the spacing was more regular, between 58 and 67
km. Therefore, in order to compare the variables from the different cruises directly
it is necessary to interpolate all the data onto a set of common geographic locations.
The data were interpolated onto a two dimensional grid at 24.5 0N. The horizontal
spacing chosen was 0.50 of longitude. This corresponds approximately to 50 km at
this latitude (0.5 x 60 x 1.85 x cos(24.5) = 50.5 km). The data were placed vertically
onto a set of 35 standard depths, defined in Table 1.1
2.2 Methodology
In order to choose a scheme of interpolation, we compared spline interpolation
and objective mapping, two methods which could reasonably be used. Here we de-
scribe how their advantages and disadvantages led to the decision to use one of them
for this work. Between the results of the two methods, discrepancies are within the
expected error in all regions except the boundaries. Cubic spline is simpler to use
but the advantage of calculating expected errors made objective mapping the most
suitable method of interpolation for this analysis.
2.2.1 Spline interpolation
The spline interpolation (Ahlberg et al. 1967) assumes the existence of a
function y = f(zx) whose value is known at a set of ax points, a = xo < x1 < ... <
z, = b, regularly or irregularly spaced. The cubic spline is the cubic polynomial f(s)
that is continuous in the interval [a, b], has continuous first and second derivatives,
and passes through the points f(zi) (i=0,n). The interpolating cubic spline defines a
separate cubic polynomial for each interval xi- 1 < x < zx, or a total of n polynomials
for the n+1 points. We can write the polynomial equation take derivatives and , at
each data point equate the first and second derivative of the left-side polynomial to
those of the right-side.
Following Thompson (1984), writing the Taylor series for the cubic polynomial
for interval i, expanded about the point zi
y() = y + (x - )y + (x - x) y /2 + (x - (y+- )/6h (2.1)
yl and y' stand for the first and second derivatives evaluated at x = xi, and the third
derivative has been replaced by its divided difference form, which is exact for a cubic
function (Bevington and Robinson, 1992). At x = xi, we have y = yi, as required.
Setting x = zi+l = xi + h it is possible to solve the equation
y(Xi+ 1 ) = Y~ + (X;+1 - X)y + (X,+1 - X,)2 y'/2 + (xzi+ - xs)(y,+A - y; )/6h (2.2)
to obtain
(yi+1 - yi) = hy' + h 2 [2y' + y '+,]/6 (2.3)
Repeating the calculation, using the equation for y(x) in interval i-1 and requiring
that y(x) = y(xz) at the i data point we obtain
(yi - yi-1) = hy,-1 + h2 [2y" 1 + yj ]/6 (2.4)
To establish continuity conditions at the data point, we equate first and second deriva-
tives at the boundaries x = xi and x = xi-1. The use of the divided difference form for
the third derivative assures continuity of the second derivative across the boundaries
and gives the spline equation
I II II
Yi-1 + 4 y, + y,-i = Di (2.5)
with
Di = y [yi+l - 2y; + yil]/h2  (2.6)
These equations can be solved for the second derivatives y', as long as the values of
y" and y, are known. If those values are set to 0 the natural splines are obtained.
In our case we have used natural splines for the interpolation. The fitting by
cubic splines was done from the longitude of the western-most to the eastern-most
station, for each of the 35 standard depths. After fitting, the function was evaluated
every 0.50 of longitude. Below 2750 m (standard depth number 24) the North
Atlantic is separated by the Mid-Atlantic Ridge in two basins, the North American
basin and the Canarias basin. Since the behavior of the basins is different, the fitting
was done separately for each.
The set of data obtained after the gridding is for Hesperides 1992 from 75.5 0 W
to 160W, for Atlantis 1981 from 75.5 0 W to 13.5 0W and IGY 1957 from 75.5 0W to
16.5 0 W. Atlantis-II data, due to the deviation of the track from 24.5 0N east of 24.5 0W,
only compared with the other sections west of 24.50 W. For comparison we only have
computed west of this longitude. After gridding for the three cruises, we calculated
the differences on the common area:
* 1992-1981: Subtracting 1981 data from 1992 between 75.5 0W and 24.50 W.
* 1981-1957: Subtracting 1957 data from 1981 between 75.5 0W and 24.5 0W. This
comparison was also done by Roemmich and Wunsch (1984) using objective
mapping.
* 1992-1957: Subtracting 1957 data from 1992 between 75.5 and 16.5 oW.
Because the grid-point temperature differences exhibit large variations due to the
presence or absence of eddies during the different surveys, a horizontal gaussian filter
of e-folding scale of 300 km has been applied to the temperature differences at each
depth.
Behavior of the boundaries
When we apply the gaussian filter at the boundaries, we extend the temper-
ature difference matrices in an unbiased way with zeros past the boundaries so that
smoothed temperature differences are obtained up to the western and eastern bound-
aries as well as in the Mid-Atlantic Ridge.
Figure 2.1 A, B and C present temperature differences for 1981-1957, 1992-1981
and 1992-1957 obtained with this methodology.
For salinity we have done calculation similar to those for temperature, fitting
by cubic splines at each standard depth and using a gaussian filter of the differences.
Figure 2.2 A, B and C present salinity differences for 1981-1957, 1992-1981 and finally
1992-1957.
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2.2.2 Objective mapping
The technique for the objective mapping is based on a standard statistical re-
sult, the Gauss-Markov Theorem, which gives an expression for the minimum variance
linear estimate of some physical variable given measurements at a limited number of
data points (Bretherton et al. 1976). Objective mapping has been used by a num-
ber of physical oceanographers, (e.g.., Roemmich (1983), Wunsch(1985) and (1989),
Fukumori et al. (1991)); I will give just the basic derivation applied to a hydrographic
section.
We are presented with a section of hydrographic stations, in the case of the
Hesperides cruise 101 stations, located in a set of longitudes r= [ri]. For each standard
depth we have a data series of variables such as temperature, salinity, etc. Let's call
them {T} = T(r,) where i goes from 1 to the number of stations sampled at that
depth.
Because of sloping topography at the boundaries and the Mid-Atlantic Ridge,
not all the depths will have 101 values. Below 3500 m, we will have two data series,
one for the North American Basin and another for the Canary Basin. We denote the
total number of stations by N.
In the case that the mean, < T >= 0, (usually approximation is obtained by
removing the sample mean value at each standard depth), the covariance matrix of
T at the data point is given by:
{Ri3 } = R(r,,rj) = {< T T >} (2.7)
where i and j go from 1 to N. The size of this data covariance matrix is an N x N.
If T is spatially stationary or homogeneous its second moments depend only on the
separation of the evaluation points.
Rij = R(r - rj) (2.8)
The set r = {ri} contains the points where the values of Ti are required. In this case
the points will be from the western coastline (75.5 0 W ) to the eastern coastline (160 W)
with an interval of 0.50. The number of interpolated values, M, is 120. The objective
is to estimate the variable value ''() from observations. S(r) = T(r,) + n(r,) where
n is the observational noise, with zero mean and known covariance.
< n(r) n(r3 ) >= N(r - rj) (2.9)
Then R(rk, ri) is the covariance matrix of T at the interpolation points with its value
at any data point. The field we seek to map has the statistics given by R. Suppose
the noise is uncorrelated with the value of T:
< T(ri) n(rj) > = 0 all i,j (2.10)
Suppose further, that the interpolated value is a weighted average of the observations:
T(k) = B(k, rj) S(rj) = B(ik) S (2.11)
where B is an M x N matrix. We then evaluate the variance of the difference between
the correct value at rk and the interpolated value
P = < (T(,) - T(ik)) 2 > = < (B S - T(i)) 2 > (2.12)
The Gauss-Markov theorem states that the minimum of this difference is reached
when B is chosen as
B = R(k,r) [R(ri, rj) + N(r, r)i-1 (2.13)
and the minimum possible expected error is,
Pmin = R(rk,k) - R(rk, ri) [R(ri, j)+ N(ri,r )] RT(rr, ,k) (2.14)
One of the important uses of the mapping is the determination of a mean value.
Let the measurements of a variable, temperature for example, be denoted by yi and
suppose that each is made up of a large-scale mean, m, plus a deviation from that
mean of 08 (Wunsch, 1989), so that we can write
m + 0, = y;, i = ItoN (2.15)
or
Dm + 0 = y, DT = [1, 1,..1] (2.16)
We seek a best estimate, mk, of m. Suppose an a priori estimate of the size of m exists,
and is called ino, i.e. < m 2 >= m. If R is the spatial covariance of the measured
field about its true mean, the best estimate of the mean (Liebelt, 1967, Eq. 5-26) can
be written
M= [ + DTR-1D]-DTR-lY
1 DTR-ly (2.17)
+ DTR-1D
(DTR-1D is a scalar). The expected error of the estimate is
E = (1 + DTR- 1D)-I
ino
1
= (2.18)
-1 + DTR - 1D
the goal of the analysis is to retain and separate the large-scale time-averaged features
from the time-dependent features and errors.
Objective mapping requires a statement of the expected a priori measurement
error, and mapped field covariances (Bretherton et al. 1976). We must define what is
signal and what is noise, the variance of the data contains the signal variance as well
as the noise variance. We assume that the noise includes two components: the first
component, n., is the variation caused by mesoscale eddies; the second one ni is the
variance caused by the local measurement error (including errors due to navigation,
interpolation, instrumentation, etc) (Wunsch, 1989). Assuming the component are
independent of one another, the total variance < T2 > can be written,
< Tj' > =< a> + < n > + < , > (2.19)
where the total variance of the data is given by the signal variance < sa >, the eddy
noise variance < n, > and the intrinsic noise variance < n2 >.
Signal and eddy noise covariances will be modeled by a gaussian covariance
function; ni is modeled by a delta function, n, on the other hand, has a finite correla-
tion distance, but this distance is smaller than the correlation distance of the signal
we are trying to map.
To estimate the e-folding scale of these distributions I have calculated the
correlation function. I will describe the calculations done for the 1992 cruise. Because
of the different station spacing, we have used 3 sets of data: the Canary Basin between
station 11 and 41; the Mid-Atlantic Ridge between stations 42 and 64 and the North
American Basin between stations 65 and 96. The distance between stations was 58 km
for the Mid-Atlantic Ridge region and 67 km on the other two regions. To estimate
the dominant length scales of the eddies we compute the spatial correlation function
< T'(x)T'(x + Ax) > (2.20)
P(z) = (2.20)( < (T'(x)) 2 >< (T'(x + Ax))2 >
where T' are the data values once we have subtracted the linear trend.
We have computed the function for Ax = 0, 58, 67, 116, 134,... km. Figure
2.3 A, B and C present the values for depths of 100, 900 and 5000 m. For these plots
we can see short scale correlations over the Mid-Atlantic Ridge for the shallower plots
(there are no 5000 m depths over the Mid-Atlantic Ridge). The zero-crossing distance
is between 75 and 100 km. In deep water, for the eastern basin, this distance is around
150 km, and between 150 and 200 km for the western basin. We have taken a value of
175 km for e-folding distance of the gaussian noise covariance. The scale is perhaps
somewhat too large, but it has been chosen to make the plots smoother.
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Same as Fig 2.3 but with eddy motion filtered out was done for the the signal
correlation function. Figure 2.4 A, B and C show the signal correlation function
for depths of 0, 1200 and 4250 m. We have taken an e-folding scale of 400 km for
the signal covariance at all depths. The zero-lag covariances have been estimated
following the method described by Fukumori et al. (1991). Let Tj the data at station
j at a certain depth, with signal si, eddy noise n,j and intrinsic noise nij
Tj = sj + n,j + ij (2.21)
The mean square difference from a neighboring station (j + 1) is,
< (Tj - Ti+~) >=< (sj - sj+l + nj - n2j+1 + ~j -- ij+1) >
=< (sj - sj+x + nej - nej+1) 2 > +2 < nf > (2.22)
where we have assumed the intrinsic noise is uncorrelated over the distance and has
uniform variance. If the signal and the eddy noise have much longer correlation
distances than the station separation, it is possible to neglect the first term on the
right hand side of equation 2.22 with respect to the second term which yields
< (Ti - Tj+ )2 >- 2 < n > (2.23)
In the same way, let < (Tj - Tk) 2 >L denote the mean square difference of data
between two points, j and k, separated by L km, then
< (Tj - Tk)2 >L = < (Sj - Sk + lj - nk + i, - nik)2 >
2 < s>-2 < jSk >L +2 < n > -2 < nenek >L +2 < n> (2.24)
If the signal s, has a length scale much longer than L, the second term will be similar
to the first and they will partially cancel. Using a distance of 400 km, these two terms
cancel; if the eddy noise covariance has a length scale smaller than that distance, then
equation 2.24 will be approximated by
<(Tj- Tk)2 >400km= 2 < n > +2 < > (2.25)
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Signal variances have then been calculated by equation 2.19.
For computing the expected difference for a spatial separation, we have taken
the data set between station 11 and station 96, where the spacing is homogeneous.
The distance between a station and the neighboring one is less than 70 km. Due
to the different behavior of the deeper part of the North American and the Canary
Basins the variance calculations for depths below 2750 m (the depth of the shallowest
station in the Mid-Atlantic Ridge) have been computed separately for each basin.
At 900 m the signal variance is smaller than the noise variance. The mapping
is practically using the mean temperature value for most of the section. In the Canary
Basin, values below 4750 are scarce. For the computations of the eddy noise variance
we have used a distance of 200 km, and for the intrinsic noise a value of 0.0040C at
4750 m and 6000 m. On the Western Basin at 6000 m we have used a value 0.002°C.
These values are slightly higher than the value for instrumental noise of a Mark III
CTD given by Millard et al., 1990.
The variances used are:
1
< ? > = < T > - < ( j) >400Km (2.26)22
2 1<(Ti 2 (2.27)<n>= < (T,- j) >4o,, - < 00 >
1
< ni > < (T, - Ti+ 1 )2 >70Km (2.28)
The variance of the temperature signal (s), eddy noise (n.) and measurement
noise (n?) are summarized in Table 2.1 at the standard depths for all the North
Atlantic Basin shallower than 2750 m., Table 2.2 below 3000 m for the North American
Basin and Table 2.3 below 3000 m for the Canary Basin.
The variance of the salinity signal (s,), eddy noise (n2) and measurement noise
(n?) are summarized in Table 2.4 at the standard depths for all the North Atlantic
depth si ne n
(m.) 0C 0C 0C
0 2.41 0.33 0.17
50 1.94 0.81 0.64
100 1.54 0.73 0.65
150 1.10 0.69 0.71
200 1.04 0.44 0.47
250 1.15 0.29 0.30
300 1.34 0.23 0.25
400 1.59 0.29 0.24
500 1.50 0.35 0.24
600 1.17 0.33 0.24
700 0.85 0.33 0.24
800 0.50 0.28 0.23
900 0.19 0.24 0.19
1000 0.22 0.15 0.16
1100 0.36 0.10 0.23
1200 0.45 0.10 0.21
1300 0.46 0.11 0.14
1400 0.43 0.10 0.12
1500 0.37 0.08 0.11
1750 0.22 0.06 0.06
2000 0.13 0.05 0.05
2250 0.09 0.04 0.04
2500 0.06 0.03 0.03
2750 0.03 0.02 0.03
Table 2.1: Signal (si), eddy noise (n,) and measurement noise (n1 ) square root vari-
ances for mapping temperature data at the indicated depth at 24.5 "N for all the
North Atlantic Basin shallow than 2750 m. Data are given in 'C
depth si ne ni
(m.) OC OC OC
3000 2.57 1.31 2.97
3250 3.42 1.55 2.62
3500 3.59 1.90 2.68
3750 1.56 1.53 1.96
4000 2.70 1.70 1.56
4250 3.65 2.39 1.74
4500 4.92 3.31 1.69
4750 5.48 4.48 1.87
5000 6.15 7.15 2.96
5500 5.62 6.20 3.75
6000 1.17 0.11 0.20
Table 2.2: Signal (si), eddy noise (ne) and measurement noise (ni) square root vari-
ances for mapping temperature data below 3000 m at 24.5 ON for the North American
Basin. Data are given in 0C x 10- 2
depth si ne ni
(m.) oC OC OC
3000 1.24 1.55 1.57
3250 1.10 1.60 1.00
3500 2.31 0.96 0.99
3750 2.51 1.15 1.16
4000 2.22 0.96 1.04
4250 0.98 1.42 1.04
4500 1.70 0.27 0.59
4750 0.49 0.13 0.40
5000 1.17 0.72 0.53
5500 1.22 1.38 0.78
6000 0.67 0.37 0.40
Table 2.3: Signal (si), eddy noise (n.) and measurement noise (ni) square root vari-
ances for mapping temperature data below 3000 m at 24.5 ON for the Canary Basin.
Data are given in oC x 10- 2
Basin shallow than 2750 m., Table 2.5 below 3000 m for the North American basin
and Table 2.6 below 3000 m for the Canary Basin.
Since the distance (r, - r3 ) in our covariance functions is given in longitude
degrees, we have used 40 and 1.750, which is equivalent to 400 and 175 km (at this
latitude l1x 60' x cos(24.5)=101 km). Then the covariances are:
R(r - r) = < s? > exp(-(r - r)/4 2 ) (2.29)
N,(ri - r) = < n > exp(-(r, - ri) 2/1.75 2 ) (2.30)
Ni(ri - r,) = < n? > 6(ri - rj) (2.31)
Behavior of the mapping function on the boundaries
As you approaches the boundaries not all data point are available and the
mapping function given by equation 2.13 becomes one sided. The mapping function
reduces the variability of the data, errors increase and the expected value tends to
the mean.
Figure 2.5 presents values of raw data and mapped data with its error at 5000
m depth in the North American and Canary Basins. It is possible to see the different
behavior of the temperature in both basins and the associated error. The uncertainty
is around 0.040C in the North American Basin and only about 0.0050 C in the Canary
Basin. Errors are slightly increased near the boundaries. In this case the mapped
values are practically within the sampled area. Near the boundaries of the basins
where due to the irregular topography there are some gaps, we have mapped values
outside the sampled area.
The mapping values of temperature for the 1992 cruise are presented in Figure
2.6. The expected error in the temperature mapping (Bretherton et al. 1976) as a
function of depth is shown on the right side. Below 3000 m, the error is given sepa-
rately for the North American and Canary Basins. These errors have been computed
depth si ne ni
(m.) pss pss pss
0 4.21 1.93 1.24
50 3.36 1.18 0.99
100 2.10 0.90 1.11
150 1.12 0.73 1.31
200 0.93 0.46 0.81
250 1.47 0.39 0.56
300 1.96 0.33 0.44
400 2.40 0.43 0.38
500 2.09 0.49 0.36
600 1.42 0.42 0.35
700 0.91 0.42 0.34
800 0.49 0.34 0.34
900 0.36 0.29 0.25
1000 0.42 0.22 0.24
1100 0.50 0.20 0.50
1200 0.59 0.18 0.39
1300 0.60 0.19 0.25
1400 0.59 0.19 0.22
1500 0.51 0.17 0.19
1750 0.35 0.12 0.10
2000 0.22 0.07 0.06
2250 0.15 0.04 0.04
2500 0.10 0.03 0.03
2750 0.06 0.02 0.02
Table 2.4: Signal (si), eddy noise (n,) and measurement noise (n,) square root vari-
ances for mapping salinity data at the indicated depth at 24.5 ON for all the North
Atlantic Basin shallow than 2750 m. Data are given in pss x 10-1
Table 2.5: Signal (si), eddy noise (n,) and measurement noise (ni) square root vari-
ances for mapping salinity data at the indicated depth at 24.5 ON Below 3000 m for
the North American Basin. Data are given in pss x 10- 3
depth si ne ni
(m.) pss pss pss
3000 2.28 1.18 1.57
3250 0.70 1.57 1.08
3500 1.25 0.84 0.87
3750 1.73 1.23 1.30
4000 1.23 1.11 1.00
4250 0.49 1.28 0.99
4500 1.28 0.57 0.78
4750 0.47 0.34 0.57
5000 0.98 1.05 0.63
5500 1.22 1.61 0.76
6000 0.39 0.51 0.85
Table 2.6: Signal (si), eddy noise (n.) and measurement noise (ni) square root vari-
ances for mapping salinity data at the indicated depth at 24.5 °N Below 3000 m for
the Canary Basin. Data are given in pss x 10- 3
depth si ne ni
(m.) pss pss pss
3000 1.71 1.91 2.14
3250 1.32 1.93 1.89
3500 2.29 2.25 2.08
3750 3.21 2.42 1.98
4000 5.29 3.19 1.66
4250 6.19 4.06 2.41
4500 7.61 5.20 2.21
4750 8.35 5.72 2.45
5000 7.77 8.51 3.62
5500 6.76 7.50 4.79
6000 1.58 0.41 0.91
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by the square root of the diagonal of P, m in (2.14) . The highest values appear at 50
m, where the highest eddy noise variance was found (Table 2.1). Between this depth
and the middle of the thermocline (- 850 m), the error decreases to 0.2°C. Below
-2000 m, the expected error is less than 0.05 0C, for all the cruises. Errors in the
Canary basin are less than 0.020C while in the North American one they are between
0.01 and 0.04"C with the highest values appearing between 5000 and 5500 m.
Salinity mapping has been done in the same way as the temperature mapping,
we present in Figure 2.7 salinity mapping for the 1992 cruise including the expected
error for this mapping. Expected errors in salinity are largest at the surface and
reduce with depth.
Calculations of covariances and mapping were performed for 1981 and 1957
datasets the same as it was described for 1992 dataset. After this interpolation to
a common grid, we have calculated the differences for the three cruises for the same
extension we did for spline interpolation. Figure 2.8 A presents the temperature dif-
ference between the 1981-1957 cruises. Figures 2.8 B and 2.8 C give the temperature
differences from 1992-1981 and 1992 and 1957.
The expected error of the differences is the sum of the expected errors of the
mapping values for each map. We have adding the values of P,mi in equation (2.14)
for each set of data and taking the square root of the diagonal. On the right side
of the figures the expected error in function of depth is presented. Figure 2.9 A, B
and C presents the difference in salinities for 1981-1957, 1992-1981 and 1992-1957.
Expected errors have been calculated in the same way as for temperature.
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Figure 2.7: Salinity values for the 1992 cruise using objective mapping. The expected
error in salinity mapping in function of depth is shown on the right side. Below 3000
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Figure 2.8: Difference of temperature by objective mapping, A) 1981-1957, B) 1992-
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2.2.3 Discussion
I have compared the use of cubic spline interpolation and objective mapping
to interpolate the data to a regular grid. The most significant differences between the
two methodologies are that the spline interpolation with the gaussian filter gives a
large scale vision of the features, but smooths over the small scale features, and that
the maximum values are reduced in most of the cases.
The behavior of the gaussian filter on the boundary data is to smooth these
values and tends to reduce the differences in this region. The objective mapping also
smoothes the values and reduces the differences in the boundaries, but to a lesser
extent; so that the objective mapping slightly increases differences relative to the
gaussian filter.
This effect can be seen in the eastern boundary 1992-1957 difference (Fig 2.1
C, Fig 2.8 C). In the North American Basin, we can find most of these effects on the
two boundaries (Continental shelf and Mid-Atlantic Ridge) and at the bottom of the
basin. Even when we are looking at the large scale effects, I think it is convenient
maintain these boundary differences.
Due to the behavior of polynomial functions, when the fitting has to be ex-
tended outside the sampled area, values calculated by splines change very quickly. In
these regions, values given by objective mapping are more realistic than values given
by spline interpolation.
There is a high degree of similarity among cubic spline smoothing with a
gaussian filter and objective mapping methods using the convenient parameters. The
discrepancies are within the expected error in all regions but the boundaries.
Advantages of using cubic spline
* fast, and does not need much memory
* there exist fast routines in software, i.e., in packaged form.
* it doesn't require any a priori knowledge about the data or the measurement
error.
* gives the real value on the sampled locations
* the results are reasonable, discrepancies are within the expected error, in this
application.
Disadvantages of using cubic spline
* there is no estimate of uncertainties
Advantages of using objective mapping
* extrapolated values near the continental slopes or the bottom topography are
better determined.
* the most important advantage is the expected error given by the method in the
form of an error map.
In this case, when we are attempting to perform data comparison, the er-
ror maps are a fundamental requirement. Without the expected errors, we can not
recognize whether or not the differences are significant.
Disadvantages of using objective mapping
* It requires a lot more work and computing time, matrices are usually big and
demands large computer memory.
* It requires previous knowledge of the covariance functions or assuming the cor-
relation matrices.
* not available in packaged form. One must build it from the start.
The possibility of calculating expected errors has made objective mapping the
most suitable method of interpolation for this analysis.
2.3 Differences in Temperature and Salinity
In this section we will describe the features found in the comparison of data
carried out by the objective mapping techniques shown in the previous section.
2.3.1 Temperature differences
1981-1957 (Fig 2.8 A)
This comparison was already done by Roemmich and Wunsch (1984). They found
warming above about 3000 m and cooling below it. We have calculated differences in
temperature using the same dataset and obtained similar results.
The most notable feature has been a large warming mainly in the North Amer-
ican Basin between 550W and 680W. Although this feature was the most relevant,
I will describe the main differences beginning with the surface water and continuing
down through to the water column.
At the surface, there are positive differences in a very thin layer west of 40 0W
and negative differences east of that longitude. Between this layer and 500 m we
found negative differences in the whole area except in the Canary Basin. There is
also an area of large cooling in the western part of the North American Basin, centered
around 70'W, between 100 and 1500 m. Differences are as large as -2°C at 150 m
and -1.25 0 C at 600 m. East of 600W there is a cooler layer between 200 and 600 m
and a warmer one below it.
In the North American Basin, there was a large warming between 550 W and
680 W. Warming penetrates deeply down to 4000 m and dominates the zonal average
temperature change. Maximum positive difference is centered in 62 oW, with values
of 0.75 "C between 700 and 800 m. Warming also affects the Canary Basin between
700 and 2500 m. The highest positive differences in this area are about 0.5"C between
800 and 900 m. Below 2500 m on both sides of the North American Basin, and below
4000 m on the central portion, water has cooled, with slightly larger cooling along
the western boundary. In the central part of the Canary Basin negative difference is
found below 1500 m.
The values of the differences are of the same order of magnitude as the un-
certainty in the measurements. Trying to justify that the differences are statistically
significant, we have plotted (Figure 2.10) the temperature correlation, function B in
equation (2.13) for a point situated at 500W for 500, 1200 and 5000 m depth (the
last one in both basins). The horizontal correlation is around 5 longitude degrees.
The scale of most of the features discussed above is larger than this value. Since the
calculations have been done independently for each standard depth, features are not
artificially correlated at each depth. These two factors increase the reliability of the
calculated differences.
1992-1981 (Fig 2.8 B)
The substantial area of warming in the central North American Basin during 1981-
1957 has cooled between 1981 and 1992. So that the area of Roemmich and Wunsch
(1984) of large warming is now a large cooling region. Similarly, the area of substantial
cooling during 1981-1957 centered at about 70'W, has now warmed. Thus, there
appears to be an oscillation in temperature with a zonal half-wavelength of about
1000 km. The Canary Basin has warmed considerably down to 4000 m.
The surface layer down to 50 m has cooled. Below this layer, the differences
are positive down to 300 m west of 400W; this warming trend reaches 2000 m in the
western part of the North American Basin.
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Figure 2.10: Correlation function of a point situated at 50*W for
m, C) 5000 m in the North American Basin and D) 5000 m in
Correlation is in °C and distance in degrees of longitude.
A) 500 m, B) 1200
the Canary Basin.
Colder water appears between 400 and 800 m. Differences are greater, up to
a peak value of -0.75"C at 610W. This is where Roemmich and Wunsch (1984) found
warming. Below 800 m, there is generally warmer layer with differences larger than
0.50C around 1000 m. The warmer water reaches 4000 m in the Canary Basin and
the bottom on the eastern part of the North American Basin. In the rest of the
North American Basin differences are negative below 2000 m and below 4000 m in
the eastern part. In the western boundary, cooling occurs between 1500 and 2000 m.
Below that depth, the cooling presented in the previous period has reduced in a large
amount.
1992-1957 (Fig 2.8 C)
A remarkable regular warming occurred between 700 and 3000 m from 1957 to 1991.
The contours of temperature are nearly horizontal across most of the section. Both
the North American and Canary Basins have been warmed by about the same rate.
Peak values are larger than 0.5 0C at around 1000 m.
The surface layer is warmer between 0 and 50 m in the North American Basin.
Negative differences occur above 100 m, in the North American Basin below the
warmer surface layer. This feature can result from seasonal variability, (measurements
were done in July-August 1992 and during October 1957). Seasonal variations in this
area affect above 100 m. The negative differences are deepening to 900 m on the
western part of the North American Basin. While the Canary Basin presents two well
defined layers one colder and one warmer above 200 m, the North American Basin
has alternating cold and warm rings in longitude. The negative ones are located at
46, 60 and 70'W.
There is a large area of negative temperature difference centered around 500 m.
Peak values are between -0.75 0C and -0.5 0C in the North American Basin and -0.5
0C in the Canary Basin. Those values are significantly higher than the uncertainty
at this depth.
Near the western boundary region, below 2000 m, negative differences greater
than -0.05oC appear west of 70'W. The negative differences extend all over the North
American Basin between 3000 and 5000 m. Most of these values are statistically
significant. (Note that the error values on the temperature plots are multiplied by 10
below 3000 m.)
The Canary Basin also has been cooled in the last 35 years. The cooling has
been stronger around 4000 m, and at the eastern boundary. The uncertainty is less
than 0.010C for most of the values in this basin. The differences are statistically
significant. At the eastern boundary, between 1300 and 1800 m an area of cooling
appears. This area is situated just below the northward eastern boundary current
cited by Roemmich and Wunsch (1985). They interpreted this current as the eastern
flow of Antarctic Intermediate Water in the tropics, which feeds an eastern boundary
current flowing into the Mediterranean salt tongue.
2.3.2 Salinity differences
Salinity in the 1957 cruise was measured by water samples, and data have been
interpolated for the water column. All values are in the Practical Salinity Scale (pss).
1981-1957 (Fig 2.9 A)
Saltier water was found on the area of warming noticed by Roemmich and Wunsch
(1984). Salinity differences are positive all over the section from the surface to 200
m depth, and generally negative in a band between 200 and 500 m. Deeper than 500
m, as for temperature, there is substantial zonal variability. The western part of the
section shows negative values to the bottom, with differences as large as -0.15 pss
between 500 and 700 m. Positive differences are found between 300 and 3000 m in
the central part but only down to 2000 m in the eastern part of the North American
Basin. In the Canary Basin, fresher water is found between 1000 and 1500 m and
near the bottom. At 4000 m depth, water is fresher at both boundaries of the North
American Basin. Around 5000 m in the central part of the North American Basin,
water appears saltier than in the previous cruise. Differences are significant over most
of the basin, except for the deep water in the North American Basin. Even when the
uncertainty given by the mapping is very small, as in the Canary Basin, problems
with the salinity determination from the batch of Standard Sea Water prevent the
plotting of smaller salinity differences.
1992-1981 (Fig 2.9 B)
Salinity differences present a zonal distribution similar to that of temperature except
near the surface where the difference is positive. Positive differences are found be-
tween 50 and 350 m, and negative (fresher water) from that layer until 800 m. The
water is saltier between 800 m and about 2500 m for all of the section. This saltier
water reaches the bottom over the western part of the Mid-Atlantic Ridge with an
interruption around 5000 m. The rest of the deep regions appears to be fresher. This
freshening is strongest around 3000 and 5000 m in the central and western parts of
the North American Basin.
1992-1957 (Fig 2.9 C)
The most important feature is the increase in salinity occurring between 600 and
2500 m, with maximum values of 0.05 pss. The salinity section gives generally positive
differences above 300 m. The differences are predominantly negative between 300 and
600 m with values as high as -0.1 pss in the western part and -0.05 for the remainder
except near the eastern boundary where the differences are positive down to 1400 m
depth.
Below 2000 m the differences are negative, peak values are found at 4000 m, at
the western boundary and over the Mid-Atlantic Ridge. In those areas fresher water
is shallower than in other locations In the Canary Basin the least freshening occurs
around 4000 m. Below 4250 m there is a significant freshening to the bottom, with
differences larger than 0.005 pss.
2.3.3 Zonal Averages
To determine the average of the temperature and salinity differences at each
standard depth, we have used the technique for determination of a mean value by
objective mapping.
For this calculation we assume that the error in the mapping of two different
cruises is uncorrelated one with the other. The covariance functions of the cruises
are Ree and Rrr respectively. These covariance have been calculated using equation
(2.7). The spatial covariance function, R, of the difference of the two mapping will
be the sum of the covariance functions of each of them,
R = Res + Rrr (2.32)
We have estimated the zonal average of the differences by ri in equation (2.17)
and the expected error of the mean by taking the square root of E in equation (2.18)
for each standard depth.
Since we have no previous hypothesis about the mean difference, we take the
limit mo -+ oo in equations (2.17) and (2.18). The calculated values are presented in
the next section.
Temperature
In Figure 2.11 we present the zonal average temperature plus/minus error estimate
for the three differences A) 1981-1957, B) 1992-1981 and C) 1992-1957 from surface
down to 3000 m (upper plot), and for the North American and Canary Basins deeper
than that depth (down right and left plots). The more notable effects are:
e 1981-1957 (Fig 2.11 A)
As noted by Roemmich and Wunsch (1984) the average warming begins at
400 m, and all values are significantly warmer between 600 and 2500 m, with
a peak value of 0.22 C at 800 m. In the North American Basin water was
significantly cooler between 3750 and 4500 m, with values around -0.025oC.
In the Canary Basin, cooling occurred all over the deep basin. Values are
statistically significant below 3750 m. At 6000 m values in the 1957 dataset
were scarce, principally in the Canary Basin.
* 1992-1981 (Fig 2.11 B)
The zonal average values above 800 m have opposite signs from the results
obtained from the previous period. Significant cooling occurs between 500 and
600 m with values around -0.20'C. Continuous warming between 900 and 2750
m is statistically significant between 1000 m and 1750 m. Below 3000 m, in the
North American Basin we found cooling above 5500 m, which is statistically
significant between 3000 and 4250 m, with values ranging from -0.0250C to
-0.013 0C. At 6000 m there appears to be a significant warming, but at this
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Figure 2.11: Zonal average temperature differences plotted plus/minus the error es-
timate (shading) for A) 1981-1957, B) 1992-1981 and C) 1992-1957 from surface to
3000 m for all the Atlantic Basin (upper plot) and deeper than that bottom left figure
North American Basin and bottom right Canary Basin. Data are in 0C.
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depth values are scarce and calculation of variances for the mapping are also
problematic producing poor statistics. In the Canary Basin, warming occurred
above 3250 m. Very small and statistically insignificant changes appear below
this depth.
* 1992-1957 (Fig 2.11 C)
Positive values are found for zonal averages between 600 and 2750 m and be-
tween 200 and 400 m. Cooling occurred between 400 and 500 m and below 2750
m. Values are significant between 700 m and 2500 m depths. Values are as large
as 0.2 °C between 800 and 1400 m. The peak value is 0.28 'C at 1000 m. In
the North American Basin we found significant cooling between 3250 and 5500
m, with a maximum difference of -0.03 OC at 4250 m. In the Canary Basin,
cooling is significant in waters below 3500 m, with a peak difference of -0.02 0 C
at 5000 m.
Salinity
In Figure 2.12 we can see the zonal average salinity plus/minus error estimate for the
three differences A) 1981-1957, B) 1992-1981 and C) 1992-1957 from surface down to
3000 m, and for the North American and Canary Basins deeper than that. The more
notable features are.
* 1981-1957 (Fig 2.12 A)
Saltier water is found between 400 and 900 m. Deeper than 1000 m differences
are not significant until 2000 m. At this depth where the water is fresher by
-0.003 pss. The freshening continues in the North America Basin down to
5000 m. Significant values in the intermediate part are around 0.006 pss. In
the Canary Basin freshening occurs until the bottom, with zonal average values
around -0.004 pss.
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Figure 2.12: Zonal average salinity differences plotted plus/minus the error estimate
(shading) for A) 1981-1957, B) 1992-1981 and C) 1992-1957 from surface to 3000 m
for all the Atlantic basin (upper plot) and deeper than that bottom left figure North
American Basin and bottom right Canary Basin. Data are in pss.
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* 1992-1981 (Fig 2.12 B)
The most significant part is the saltier water between 1200 and 1750 m. The
maximum increase in salinity was 0.026 pss at 1100 m. Saltier water is also
found between 100 and 300 m, below that appears fresher water. Most of the
differences are insignificant in this layer. Below 2500 m, water is significantly
fresher until 5500 m in the North American Basin. At 6000 m the zonally
averaged difference is significantly positive with a value of 0.005 pss. In the
Canary Basin the water became fresher but the values are smaller than in the
North American Basin.
* 1992-1957 (Fig 2.12 C)
Saltier water occurs between 600 and 1750 m. The maximum value was 0.031
pss at 800 m. Water is also saltier at depths shallower than 300 m. Differences
are significantly negative below 2000 m, where the differences are around -0.004
pss. In the deep North America Basin differences are between -0.008 and -0.005
pss and in the deep Canary Basin between -0.006 and -0.004 pss.
2.3.4 Discussion
In the western part of the North American Basin, the horizontal temperature
variation reverses sign between the two periods 1981-1957 and 1992-1981. In the area
east and north of the Bahamas, the flow seems to have a C-shaped circulation (Schmitz
et al.,1992), and the recirculation is described by Schmitz and McCartney (1993)
(Figure 8 for water above 7 °C and Figure 10 below 7 'C of their paper). Schmitz
and Richardson, (1991) found that 45% of the transport of the Florida Current is
of South Atlantic origin. This water is fresher and warmer than the water of North
Atlantic origin. Variations in the origin of the water carried by the recirculation may
be responsible for the varying behavior found in this area in the sampled periods.
Joyce(1993), in a study of a long-term hydrographic record at Bermuda (32.170N,
64.50 W), shows that the variations in temperature and salinity on interannual time-
scales are largely independent of each other in the surface layer (0-500 m depth), and
highly correlated in the thermocline. Between 500 and 1500 m, correlation between
temperature and salinity changes is due to vertical oscillations of the thermocline
with amplitudes of ± 50 m. Within his records (1955-1988), he found a long-term
negative trend in temperature for the layer between 500 and 1000 m, and a positive
trend between 1500 and 2500 m (Figure 2 of his paper). This result is consistent with
the trend calculated in this study for the zonal average of the 24.50 N section with
negative differences around 500 m and significant warming found below 700 m. He
extended the time series from 1932 to 1990 (figure 3, of his paper) and found that
the long-term trend in the shallow layer disappears, while the one in the deep layer
persists. The long-term trend is about 0.50C/century, with oscillations on the deep
layer of approximately 0.05C over decadal time scales.
In the Roemmich and Wunsch (1984) comparison of 360 N and 240 N sections,
the cooling of the upper layers penetrates to 700 m at 360 N but only to 500 m at
240N. The Bermuda station is situated between them, the cooling there being found
between 500 and 1000 m.
Integrating from 100 m (the depth of the seasonal variability at 24.5 0 N) down
to 3000 m the changes in temperature, provides a barely significant value of 0.096
±0.09 0C. This value gives a trend of warming in this upper part of the North Atlantic
of 0.03 OC/decade. The changes in temperature integration for the two periods reveals
practically the same values for these rates 0.025C/decade for the first 24 years and
0.027 oC/decade for the last 11 years. The upper 1000 m present high variability be-
tween the three difference datasets, but below that a significant warming of 0.1±0.02
OC has been observed. The rate of warming between 1000 and 3000 m is statistically
significant at a rate of 0.028±0.0070C/decade. This value is similar to the rate for
the whole water column between 100 and 3000 m. In my opinion, there is a nearly
steady tendency of warming in the North Atlantic above 3000 m. The rate of change
of temperature is around 0.03 °C/decade.
For the calculation of the uncertainty in the deep-averaged variation of tem-
perature, I have considered the standard depths as independent of each other. I have
done all the calculation at each standard depth without considering any vertical corre-
lation. Looking the structures found in these section, we could assume 6 independent
layers in the upper 3000 m. Using these degree of freedom, the change in temperature
is 0.09 with uncertainty ±0.2°C. Assuming 2 independent layers between 1000 and
3000 m, a still significant warming of 0.1+0.05 °C is obtained.
The tendency in salinity for the upper 3000 m was 0.011+0.013 pss or a trend
of 0.003 pss/decade. The rates of change in salinity over time are less regular than in
temperature and values of 0.002 and 0.005 pss/decade for the periods 1981-1957 and
1992-1981 were calculated. Since uncertainties are larger than the values, the values
are not statistically significant.
In the North Atlantic, the deep water, below 3000 m exhibits a significant cool-
ing of -0.027+0.016 degrees C in the North America Basin and -0.013+0.005 degrees
C in the Canary Basin. The rates of variation of temperature over the total period of
time were -0.008 OC/decade in the North American Basin and -0.004oC/decade in the
Canary Basin. The rates for changes in temperature over time are different for the
two periods. The North American Basin was cooling principally during 1992-1981 by
-0.015oC/decade and somewhat less during the previous period. In the Canary Basin
most of the cooling occurred between 1981 and 1957 with a rate of -0.006 °C/decade.
Using 2 degrees of freedom the rate of change in temperature in the North American
Basin is -0.027-0.03 C and in the Canary Basin is 0.013±0.011C.
The total change of salinity in deep water during the last 35 years was -0.008±
0.002 pss in the North American Basin and -0.005+0.001 pss in the Canary Basin.
Freshening was quite homogeneous over time in both basins, with values of -0.002
pss/decade on the North American Basin and -0.0015 pss/decade in the Canary Basin.
The change in salinity using 2 degrees of freedom in the deep water is -0.008±0.004
for the North American Basin and -0.005±0.002 in the Canary Basin.
Levitus (1989b) found at 1750 m depth an increase in temperature of approxi-
mately 0.1 oC and salinity 0.025 pss for most of the North Atlantic for a 15-year period
(1970-1974 - 1955-1959). Also in the upper layers (Levitus 1989a), the variations over
the 15-year period at 24.5 'N are similar to those presented here. Behavior of this part
of the subtropical North Atlantic is quite different from that of the northern part. In
a Levitus's (1989a) comparison between 1970-1974 and 1955-1959 at 1000 m depth,
warmer water is found throughout the 240 N section except near the boundaries, with
differences larger than 0.2 OC between 30and 55 0 W. This value is consistent with the
value calculated in this study of 0.28 'C at 1000 m during 35 years. North of 240 N,
differences are negative for the entire subtropical gyre.
Before discussing what these changes mean for the general circulation of the
North Atlantic, we will present variations in volume of water masses and 0/S rela-
tionship.
2.4 Comparison of water masses
To study the variation of water masses between the cruises, we have split the
water column into several potential temperature classes.
2.4.1 Water masses
In this area of the North Atlantic the principal layers and water masses iden-
tified by Worthington (1976), and Schmitz and McCartney (1993) are:
* Warm water, warmer than 17 *C. This water occasionally reaches depths of
more than 600 m in the western area but is very shallow in the eastern side of
the section.
* Upper thermocline, water between 12 and 17 OC. This water lies above the depth
of influence of the Mediterranean Overflow. The 17 oC isotherm marks the top
of the main thermocline in the Sargasso Sea.
* Mid-thermocline, water between 7 and 12 OC. This water is influenced by the
Mediterranean Overflow Water (MOW). The salinity of this water is higher in
the eastern side of the section than in the western part.
* Lower thermocline. Water between 7 'C and a potential temperature of 4 GC.
In the tropical region this layer is dominated by South Atlantic Water (Wright
and Worthington, 1970), but farther north in the eastern North Atlantic this
water mass gives way to the saline Mediterranean water. Worthington (1976)
situated the transition between these two water masses at 35.0 pss. Subpolar
Mode Water (SMW) and Labrador Sea Water (LSW) can be found in the deeper
segment of this layer (McCartney and Talley, 1982).
* Deep Water. Water colder than a potential temperature of 4 'C. In this layer
we find a series of water masses:
- Upper North Atlantic Deep Water. (UNADW) Wiist (1935) designated this
water as the intermediate salinity maximum derived from and including
the Mediterranean Overflow Water. Temperature intervals are between 3
and 4 oC.
- Lower North Atlantic Deep Water. (LNADW) Described by Wiist (1935);
this water mass is situated around 3700 m. Its source may be the Den-
mark Strait Overflow Water (Edmond and Anderson, 1971, Reid and Lynn,
1971). The Denmark Strait Overflow has 34.91 pss and temperature below
1.8 oC. (Worthington and Wright, 1970). The potential temperature range
at 24.50 N is between 2 and 3 °C.
- Antarctic Bottom Water (AABW) (Wiist, 1935). The transition between
the NADW and the AABW begins at about 2 "C (Broecker et al., 1976);
Wright, 1970). This water follows a 08 /S curve from 1.8 'C and 34.89 pss to
0.5 "C and 34.74 pss (Worthington and Wright, 1970). In the Canary Basin
the characteristics are 0 - 1.9500C S - 34.88 pss and a4 - 45.87 (Tsuchiya
et al., 1992). In the North American Basin the AABW characteristics face
progressively northward and tend to be stronger in the eastern half of the
basin at mid-latitudes (Wiist, 1933 and 1935; Mantyla and Reid, 1983;
McCartney, 1993).
2.4.2 Comparison of water masses
In this section, we want to study the expansions and contractions of water
masses over time. Based on the previous definition of water masses, we have chosen a
Table 2.7: Average depths (in m.) of the potential temperature surfaces for the total
section (75.5 OW - 16 OW) for 1992 and 1957 cruises and from 75.5 °W to 24.5 'W
(denoted by *) for 1992, 1981 and 1957. Below 3 0C data are separated for the North
American (denoted by w) and Canary (denoted by e) basins
series of potential temperature surfaces. All the values of temperature are potential
temperature in this section.
Table 2.7 gives the average depths of several temperature surfaces between 75.5
oW - 16 OW for 1992 and 1957 cruises and from 75.5 'W to 24.5 °W for 1992, 1981
and 1957 cruises. The 7°C isotherm is deepening by 30 m and the 40C is deepening
by 60 m. In the North American Basin 20C isotherm is shallowing by about 100 m
and in the Canary Basin 20C isotherm is shallowing by about 150 m from 1957 to
1992. Standard deviation of the difference in depths are around +15 m at 70C and
around +40 m below 40C. For the standard deviation of the difference on depth, the
mean depth at 200C in the North American Basin for the IGY 1957 data was not used
because it gives a standard deviation of +40 m. This value is twice the others values.
Table 2.8 gives the intervals of potential temperature we have chosen with the
area occupied by the corresponding water mass for each cruise. We present areas for
the complete section for 1957 and 1992 (75.5 'W to 16 °W), and areas between the
western coast and 24.5 'W for comparison with the 1981 cruise.
1992 1957 1992* 1981* 1957*
17 316 319 334 334 341
12 597 597 616 626 619
7 989 952 985 964 952
4 1810 1747 1795 1776 1729
3 2460 2436 2450 2449 2424
2w 3948 4070 3948 3982 4070
2e 4424 4584 4442 4455 4599
1.8w 4736 4745 4736 4733 4745
Table 2.8: Areas for the intervals of potential temperature for the total section (75.5
'W - 16 °W) for 1992 and 1957 cruises and from 75.5 °W to 24.5 0W (denoted by *);
for 1992, 1981 and 1957. Units are km2. Below 3 OC data are separated for the North
American (denoted by w) and Canary (denoted by e) Basins. The last interval in
both basins is the area from this isotherm to the bottom of the basin (denoted by
bot).
We have calculated the differences in area for the water masses defined previ-
ously. Considering the depth error ±5 m for IGY data and ±2.5 m for CTD data,
the error for the calculated areas across the section is as big as 45 km2 . Systems of
positioning at stations were poor in 1957, and this increase the error by about 5 km 2 .
For the deep part of the North American and Canary Basins, the error is less than
25 km 2 due to the small zonal extent of the deep basins at 20C and below. Values
of the difference in area are significant below the upper thermocline water. Table 2.9
gives the differences in area between the cruises.
Roemmich and Wunsch (1984) found expansion in bottom water (< 2 OC),
contraction in deep water (2-4 OC) and expansion in middle and lower thermocline
water (4-12 OC) over the period from 1957 to 1981. We find essentially the same
results for the period from 1981 to 1992. Since we have studied two periods, we can
compute the rates of change in both periods.
1992 1957 1992* 1981* 1957*
Sup-17 1901 1924 1725 1723 1763
17-12 1688 1668 1455 1507 1434
12-7 2335 2116 1903 1744 1715
7-4 4844 4694 4164 4173 3993
4-3 3791 4022 3356 3450 3566
3-2w 4252 4656 4280 4377 4690
3-2e 4898 5280 3977 4005 4304
2-1.8w 2129 1818 2129 2028 1818
1.8-botw 2321 2295 2321 2329 2295
2-bote 2175 1829 1988 1961 1698
Table 2.9: Difference of area for the intervals of Potential Temperature for the total
section (75.5 OW - 16 OW) for 1992-1957 and from 75.5 °W to 24.5 OW (denoted
by *); for 1992-1957, 1981-1957 and 1992-1981. Below 3 OC data are separated for
the North American (denoted by w) and Canary (denoted by e) Basins. Units are
km2.The last interval in both basins is the area from this isotherm to the bottom of
the basin (denoted by bot).
Figure 2.13 presents the expansion-contraction for the section between 75.5 0 W
and 24.5 oW for the three periods 1957-1981, 1981-1992 and 1957-1992. Values are
plotted in the middle of each interval of potential temperature. Values include both
basins.
In the North American Basin, the deeper water mass expansion has occurred
between 1.8 and 2 "C, the total expansion being 311 km 2 over all the period or 14.6 %
of the occupied area. The rate of change is maintained in both periods, the expansion
being 210 km 2 in the first 24 years and 101 km2 in the last 11 years. The rate is around
9 km2/year for the total period. In the Canary basin the expansion has been of 346
km2, or 15.9% of the area, but most of this expansion has occurred in the first period
between 1957 and 1981.
The region between the temperature surfaces of 1.80C and 20C in the North
American Basin is the transition zone between the LNADW and the AABW Wright
1992-1957 1981-1957* 1992-1981"* 1992-1957*
dif % dif % dif % dif %
Sup-17 -23 -1.2 -40 -2.3 2 0.1 -38 -2.2
17-12 20 1.2 73 4.8 -52 -3.6 21 1.4
12-7 219 9.4 29 1.7 159 8.4 188 9.9
7-4 150 3.1 180 4.3 -9 -0.2 171 4.1
4-3 -231 -6.1 -116 -3.3 -93 -2.8 -210 -6.3
3-2 w -405 -9.5 -314 -7.2 -98 -2.3 -412 -9.6
3-2 e -382 -7.8 -299 -7.5 -28 -0.7 -328 -8.2
2-1.8w 311 14.6 210 10.4 101 4.7 311 14.6
1.8-botw 26 1.1 34 1.5 -8 -0.3 26 1.1
2-bote 346 15.9 263 13.4 27 1.4 290 14.6
12 -
=10
6 /4-
01
-600 -400 -200 0 200 400 600
area (km2)
Figure 2.13: Expansion-contraction areas for the intervals of potential temperature
for the section from 75.5 OW to 24.5 OW) for 1992-1957 (solid), 1982-1957 (dotted)
and 1992-1981 (dashed). Values are plotted in the middle of each interval of potential
temperature and include both basins. Units are km2
and Worthington (1970) define the lower boundary for the LNADW at 1.8 0C and
34.89 pss for all of the North Atlantic basins except the European Basin. This wa-
ter comes from the Denmark Strait overflow. Whitehead and Worthington (1982)
consider that water in the North American Basin with the properties of 1.9 0C and
salinity - 34.9 pss must consist almost wholly of NADW with only the smallest tinge
of pure AABW. Looking at the 0/S diagram for the North American Basin (Figure
2.20), the transition between NADW and AABW is situated around 1.9 OC. Schmitz
and McCartney (1993) found a recirculation of AABW over this area. They say that
the AABW rises into NADW to form a weakly stratified water mass at 1.9 0C.
Below 1.8 "C, in the North American Basin, the relatively fresh AABW and
the more saline water from the Denmark Strait Overflow are geographically distinct
(Worthington and Wright 1970), and only AABW affects the 24.50 N section below
4250 near the Mid-Atlantic Ridge and below 5000 m at the western boundary. The
AABW that was beside the western boundary south of the Equator is found against
the Mid-Atlantic Ridge, which is the eastern boundary of the basin (Fuglister 1960).
Warren (1981) explained this transposition as being a result of the sharp northward
increase in the depth of the North American Basin. Expansion in this area from 1957
to 1992 is 26 km 2 , only 1.1 % of the area occupied locally by the AABW.
With respect to the contraction area, I can separate two regions corresponding
to intervals of potential temperature: 2-3 oC for the North American and Canary
Basins and 3-4 OC for the total North Atlantic Basin. These layers give us an indica-
tion of the LNADW and the UNADW.
The largest contraction occurred in the UNADW (2-300C) for the two basins.
In the North American Basin, this reduction was -400 km 2, a reduction of -9.5% of
the area occupied in 1957. In the Canary Basin the reduction was -380 km 2, or -7.8%
of the area. Most of that reduction occurred from 1981 to 1957 in the Canary Basin.
In the North American Basin the rate of change was relatively constant decreased
from -130 km2/decade in the first period to -90 km2/decade for the period 1981-1992.
The contraction of the upper UNADW (3-4"C) was 231 km2, or 6.1 % of this area.
The contraction occurred during the two periods, but was larger from 1981 to 1992.
In 1992, the 2°C isotherm was situated at an average depth of 3948 m on the western
basin, and 4424 m on the eastern one.
Looking at the distributions of temperature difference (Figure 2.8), we can see
that around 4000 m there is an area of more intense cooling, with values of -0.05oC
on the eastern side of the North American Basin. This is the mixing area where the
LNADW and the AABW are in close contact. Also in the deep western boundary
current, the cooling is notable between 2500 m and the bottom. The upper part
of this area is covered by the Norwegian-Greenland Sea Overflow Water (2500-4000
m) coming through the Faeroe Bank Channel, Iceland-Scotland Ridge, and Denmark
Strait (Pickart, 1988). This reduction in temperature is associated with a reduction
in salinity. Salinity differences around 4000 m are -0.01 pss. In 1992 the 2°C isotherm
was on average situated 120 m shallower in the North American Basin and 160 m
shallower in the Canary Basin than in 1957, but the depth of the 1.80 C isotherm does
not change significantly.
This significant reduction of UNADW (3-4oC) might be related to reduced
production of deep water during the period studied. Lazier (1980) presents a series of
historical data from 1964-1974 of the Weather Ship Bravo in the Labrador Sea where
there was a decrease in surface salinity, and only shallow winter-time convection
occurred during the 1970's. He attributed these facts to a reduction in the formation
of deep water by convection.
Weiss et al., (1985), using a simple dilution model, showed that CFM-bearing
waters originating in the region of the Labrador Sea have reached the Equator in
a well defined western-boundary undercurrent located at a depth of about 1600 m.
They calculate that this water has taken about 23 years to reach the equatorial region.
Since our section is located closer to the source region the time taken for arriving at
the subtropical region will be shorter. Changes in the production of NADW occurred
in the 1960's may affect the 24.5°N section during the 1980's.
The expansion of water masses in the upper layers (main thermocline) corre-
sponds to the band of positive temperature differences seen all over the transect as
presented in the previous section (Figure 2.8). This expansion occurs first in the lower
thermocline, with an expansion of 180 km 2 from 1957 to 1981, and with no significant
change later from 1981 to 1992. In the mid-thermocline most of the expansion has
occurred in the last 11 years, when the rate of expansion was 145 km2/decade. The
warmer area produces isotherms deeper by about 50 m between 7 and 3.5 'C.
2.5 Comparison of 9/S characteristics
In the previous sections, we analyzed the changes in temperature, salinity
and volume of water masses which occurred in the North Atlantic during the 35-
year period under study. The differences in temperature and salinity were positively
correlated; increases in temperature were associated with increases in salinity. How-
ever, there is another important and related question. Has the potential tempera-
ture/salinity relationship O/S changed over time?. Roemmich and Wunsch (1984)
believed that the historical temperature/salinity correlation was maintained during
the period 1957-1981, even though changes in the individual variables occurred.
The 1981 and 1992 CTD measurements have an accuracy greater than +0.002
0C in potential temperature and +0.0015 pss in salinity, which is much better than
the +0.010C and ±0.005 pss associated with the IGY 1957 data.
For this comparison, we have taken the linear part of the O/S curve in the
temperature intervals that corresponds to the water masses defined in the previous
section. In the UNADW and Lower Thermocline Water, the dispersion of values
is large. In this case, the comparison was performed between the average salinity
value for each cruise data. All the temperatures quoted in this section are potential
temperatures. Since the IGY values originated from bottle data, we have plotted the
original O/S points, rather than the interpolated ones.
Figure 2.14 gives the O/S relationship for the 1992 Hesperides cruise in the
deep and bottom waters (LNADW and AABW). The change in O/S characteristics
in the LNADW over longitude is evident. Salinity decreases westward (from the
Canary Basin to the North American Basin) above 2.30C due to the influence of
mixing with the Mediterranean overflow water, and increases in the lower portion.
The turning point between these effects occurs at about 2.3 0 C and 34.925 pss. In
the North American Basin, below 1.9 0C, the AABW is clearly evident with its
characteristic lower temperature and salinity as a knee in the O/S relationship. In
the western and eastern boundaries and in the region of the Mid-Atlantic Ridge,
O/S characteristics have more variability than in the central portion of either basin.
For the O/S comparison between cruises, we try to avoid these transition zones and
the changes in longitude. We have compared distributions in O/S between 55 0 W
and 750W in the North American Basin and between 24.50W and 44.5 0 W in the
Canary Basin. We describe O/S for the three cruises beginning with the deep water
in the North American Basin and continuing up through to the water column before
describing the 8/S characteristics in the Canary Basin.
2.5.1 North American Basin
Antarctic Bottom Water
Figure 2.15 presents the 8/S relationship for AABW in the North American Basin
for each of the data sets, 1992, 1981 and 1957. The IGY data are considerably saltier
and/or colder than the other two data sets. The 1957 values were on average -0.03'C
colder for constant salinity or 0.005 pss saltier at constant temperature than the 1992
values. As mentioned previously, the 1957 salinity data have an associated uncertainty
of ±0.005 pss. In these calculations, we have used more than 25 pairs of independent
values, so that the uncertainty is reduced by at least a factor of 5. Uncertainty in
temperature is reduced by the same factor. The number of CTD values used for the
regression is quite large (more than a hundred), the uncertainty in 1981 and 1992 data
is much less than in 1957. In the cold region, the 1981 O/S characteristics are similar
to those of 1992. At temperatures higher than 1.600C, the 1981 water seems to be
colder and saltier than it was in 1992. Around 1.8"C, the 1981 waters were -0.014oC
colder or 0.002 pss saltier than in 1992. Variations over time occur in a greater degree
in the warmer/upper portion of the curve rather than in the colder/lower portion.
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Figure 2.14: 8/S relationship for Lower North Atlantic Deep Water and Antarctic
Bottom Water at 24.5 ON, North American Basin (dotted) and Canary Basin (dash-
dotted) data are from 1992 cruise. Salinity data are in pss and potential temperature
in 'C. The plot contains one out of every four stations.
89
1.75 -
X
1.7 X
1.65
0 ox
++01.6 --
1.55 X
1.5-
1.45
1.4
34.83 34.84 34.85 34.86 34.87 34.88 34.89 34.9 34.91
Figure 2.15: 9/S relationship for Antarctic Bottom Water in the North American
Basin, data are from 1992 (o), 1981(+) and 1957 (x). Salinity data are in pss and
potential temperature in C.
Statistically significant differences between the 8/S characteristic of the three cruises
were found.
Lower North Atlantic Deep Water
Figure 2.16 presents the 0/S relationship for LNADW in the North American Basin
for 1992, 1981 and 1957. The comparison has been done in the same way as was
done for the AABW. Variations in the 0/S are found in the lower portion of this
water mass. At 20C, the 1957 data were -0.08 OC colder or 0.005 pss saltier than
the 1992 data. This tendency is reduced with increasing temperature. The 1981 6/S
regression indicates a reduction in the tendency toward saltier or colder water and
reaches a cross over point at a temperature of 2.8 oC and about 34.955 pss with the
1992 8/S relationship.
Upper North Atlantic Deep Water and Lower Thermocline Water
At 24 ON, in the subtropical North Atlantic, the UNADW is influenced by waters
originating both in the Mediterranean Sea and in the region of the Labrador Sea.
The salinity maximum of the UNADW is of Mediterranean origin, although south
of 24°N, AAIW coming from the south overly this water mass. Toward the east,
temperatures and salinities increase in response to the influence of the MOW. This
effect is more pronounced at the western boundary current where Labrador Sea Water
is flowing southward.
Figure 2.17 presents the 0/S relationship for the UNADW and the Thermocline
Water in the North American Basin for 1992, 1981 and 1957, from which we infer
a change in water mass characteristics over time. In this part of the water column,
the 1981 data seems to be fresher than the 1992 data. Between 4.500 and 7.5'C an
increase in salinity over time is evident. The mean salinity between 50C and 7'C was
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Figure 2.16: O/S relationship for Lower North Atlantic Deep Water in the North
American Basin, data are from 1992(o), 1981(+) and 1957(x). Salinity data are in
pss and potential temperature in 'C.
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Figure 2.17: O/S relationship for Upper North Atlantic Deep Water and Thermocline
Water in the North American Basin, data are from 1992(o), 1981(+) and 1957(x).
Salinity data are in pss and potential temperature in 'C.
35.037 pss in 1957, 35.048 pss in 1981 and 35.073 pss in 1992, i.e. an increase of 0.011
pss for the first 24 year period and of 0.025 for the last 11 year.
Mid and Upper Thermocline Water
At 24 "N in the mid-thermocline Water, the O/S relationship does not seem to have
changed significantly between 1957 and 1981. However from 1981 to 1992, mid-
thermocline water became 0.02 pss saltier or -0.13'C colder . In the Upper Ther-
mocline Water, the 8/S relationship changes from 1957 to 1981, becoming -0.13oC
colder or 0.02 pss saltier. No appreciable change appears to have taken place since
the 1981 cruise. So generally, in the thermocline, water tends to be colder or saltier
over time. Such changes occurred from 1957 to 1981 in the upper thermocline layer
and from 1981 to 1992 in the mid-thermocline layer at 24.50 N in the North Atlantic.
2.5.2 Canary Basin
Lower North Atlantic Deep Water
Figure 2.18 presents the 0/S relationship for LNADW in the Canary Basin for 1992,
1981 and 1957. In this basin, the deepest LNADW is influenced by the presence
of AABW. Tsuchiya et al. (1992) show that this water comes from the Guiana
Basin through the Vema fracture zone across the Mid-Atlantic Ridge flows to the
Cape Verde Basin. By the time it reaches the Canary Basin it is characterized by a
potential temperature of 1.95 'C and a salinity of 34.88 pss.
For the purposes of this comparison, we have computed water with temperature
between 20 C and 3°C for each of the three cruises as LNADW. There is a clear
tendency over time toward warmer or fresher water, similar for both periods. At
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Figure 2.18: O/S relationship for Lower North Atlantic Deep Water in the Canary
Basin, data are from 1992(o), 1981(+) and 1957(x). Salinity data are in pss and
potential temperature in °C.
2.60C, the salinity of the 1992 dataset is -0.006 pss fresher than in the 1957 dataset,
or in terms of a constant salinity, 0.060C warmer. Comparing the O/S values over
the last period, we found LNADW -0.0035 pss fresher and 0.035 oC warmer. This
tendency of the water to be warmer or fresher is similar as that of in the LNADW in
the North American Basin.
Upper North Atlantic Deep Water and Lower Thermocline Water
Figure 2.19 presents the O/S relationship for UNADW and thermocline water in the
Canary Basin for 1992, 1981 and 1957.
As in the North American Basin, temperature and salinity increases eastward.
The 1957 water seems cooler or saltier than in 1992, and 1981 appears warmer or
fresher than 1992 waters. The change in the mean value of the salinity in the tem-
perature range 40 7°C appears to oscillate. The mean salinity in 1957 was 35.127
pss. It decreases to 35.104 pss in 1981 but increases back to the previous value in
1992. For the temperature interval between 5-7 OC, where the AAIW is likely to have
more influence on the O/S characteristics, the mean salinity values are 35.12 pss in
1957, 35.103 pss in 1981 and 35.131 pss in 1992. Again an oscillation is present, but
the values at the end of the period are larger than in the beginning. Whether this is
truly an oscillation or a trend with variations cannot be determined with only three
points.
Thermocline Water
In the Thermocline Water, there are no significant changes between 1981 and 1992.
The 1957 waters change from being colder or saltier at 8 oC (-0.12 OC, 0.01 pss) to
being warmer or fresher at 12 0C (0.12 0C, - 0.01 pss) compared with the 1992 data.
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Figure 2.19: O/S relationship for Upper North Atlantic Deep Water and Thermocline
Water in the Canary Basin, data are from 1992(o), 1981(+) and 1957(x). Salinity
data are in pss and temperature in °C.The two 1992 points with high salinity (larger
than 35.3 pss) situated around 8 OC correspond to a Meddy detected in the area.
The two 1992 points with high salinity (larger than 35.3 pss) (figure 2.19) situ-
ated around 8 "C correspond to a Meddy detected in the area. The objective mapping
has filtered out these anomalous temperature and salinity values. The Meddy only
appears on the plots of raw temperature (Figure 1.2 A) and salinity (Figure 1.2 B)
data.
2.5.3 Discussion
Thus, there are some indications of changes in the 0/S relationship with time.
To illustration of the change in the deep water, we have plotted the 0/S relationship
for AABW and LNADW in the North American Basin. Figure 2.20 presents the
characteristics for these water masses on the three cruises and the linear regressions
which were computed to represent them. In the deep water, the tendency is to become
warmer or fresher with time, while above 3°C the tendency over time is to be colder
or saltier. In the North American Basin around 1.9 OC, the water tends to be fresher
by -0.001 pss/decade, while in the Canary Basin, in the LNADW, this tendency is
slightly greater with a rate of change of -0.002 pss/decade.
In the Lower Thermocline Water, the mean salinity has increased over time in
the North American Basin, larger in the last decade than previously. In the Canary
Basin, there is an oscillatory behavior is with values going from higher in 1958 to
lower in 1981 and higher again in 1992.
The accuracy of the measurements, especially in the 1957 data, is a limiting
factor. However, the large numbers of 0/S samples allowed the uncertainly to be
reduced at to +0.001 pss. Our results are significant within this error. Tendencies,
especially in deep water, are steady over time, since uncertainty during 1992-1981 is
quite a bit lower than in the previous period. The steadiness of the tendency gives
more credibility to the results obtained for the period 1981-1957.
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Figure 2.20: O/S relationship for LNADW and AABW at 24.5 in the North American
Basin, data are from 1992(o), 1981(+) and 1957(x). Salinity data are in pss and
potential temperature in 0C. Linear regressions for the 3 cruises in both LNADW
and AABW are plotted, 1992 (solid), 1981 (dashed) and 1957 (dotted). The upper
plot zooms in on the region between 1.75 and 2.20C and 34.88 and 34.92 pss.
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Other known problems when salinity comparisons are performed deal with the
calibration of the water samples. Mantyla (1980) confirmed that systematic errors
have occurred from using different batches of Standard Sea Water (SSW) at sea.
Mantyla (1986) gave a series of adjustments that may reconcile the differences. Prior
to SSW batch P91 (March 1980), SSW was certified for chlorinity only. The chlorinity-
conductivity relationship was not the same for all the batches. During 1957, the
batch of SSW used was number 26, (Figure 4, Mantyla 1986). The old chlorinity
standardized data overestimate the new conductivity derived salinity by 0.001 pss.
However, this variation is within our computed uncertainty.
Differences found in water masses and in 0/S characteristics, even in deep
water are apparently larger than the differences associated with the batch water
chlorinity/conductivity differences.
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Chapter 3
Comparison over time of Ocean Heat Transport
3.1 Introduction
The poleward transport of heat is a major factor in the maintenance of climate.
A surplus of solar energy is absorbed in the tropics and then exported to higher
latitudes to balance a net energy loss in regions of low solar input. The conduction of
heat by the solid earth is negligible, implying that the oceans and the atmosphere are
responsible for most or nearly all the transport. The relative importance of sea and
air in transporting heat depends upon the latitude. Vonder Haar and Oort (1973)
found that, in the region of maximum net northward energy transport by the ocean-
atmosphere system (30-350N), the ocean carries 47% of the required energy. At 20°N,
the peak ocean flux accounts for 74%. Newell et al., (1974), Oort and Vonder Haar
(1976), Carissimoet al., (1985) and Hsiung et al., (1989) updated those values. Our
section at 24.5 °N is located where the ocean likely transports more of the solar energy
than does the atmosphere towards the pole to maintain the global heat balance.
Combining the Pacific heat transport with the established value of Atlantic
heat transport across 240N, Bryden et al., (1991) give a total ocean heat transport of
2.0 x 101sW, larger than the atmospheric heat transport of 1.7 x 101sW.
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The purpose of the present study is to compare the heat transport at 24.5 ON
in the Atlantic, estimated from data taken on three cruises in 1992, 1981 and 1957
and to determine whether or not there is some trend in long-term variation.
There are several methods for calculating ocean heat transport, depending on
the data sources: (1) bulk formulas, requiring calculations of air-sea heat exchange,
(2) subtracting the atmospheric transport from the total transport required by the
radiation balance at the top of the atmosphere measured by satellite, (3) direct esti-
mates of the ocean currents and their temperatures.
The first type estimates the heat exchange at the air-sea interface. The hori-
zontal divergence of heat in a water column is given approximately by the exchange
of heat across the air-sea interface. This quantity is obtained through a set of empiri-
cal equations from measurements of air temperature, water temperature, wind speed,
dew point, barometric pressure and cloudiness. Hastenrath (1980) gave a heat flux of
- 1.55 x 1015 W crossing latitude of 24 ON in the Atlantic. Bryden and Hall (1980)
using air-sea exchanges computed by Bunker (1976), found a poleward flux of 1.11 x
1015 W.
The second method computes the difference between the heat budget of the
earth obtained from satellite radiometer data and the atmospheric heat flux measured
by radiosonde. Vonder Haar and Oort (1973), Oort and Vonder Haar (1976), Newell
et al., (1974), Oort and Vonder Haar (1976), Carissimo et al., (1985) and Hsiung et
al., (1989) made those calculations.
The third method is based directly on oceanographic data. The more problem-
atic point is the determination of the reference level velocities for geostrophic calcula-
tions. Bryan (1962) used wind stress values to calculate Sverdrup transport. Bryden
and Hall (1980) and Hall and Bryden (1982) require that the ocean interior trans-
port balance the Gulf Stream transport through the Straits of Florida. Roemmich
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(1980), Wunsch (1980) and Roemmich and Wunsch (1985) used the inverse method
of estimating reference level velocities (Wunsch, 1978). In the inverse method, water
masses, or layers, in which the transport out the area between two sections must to
be equal to the transport into the area, are defined. Measurements within the wa-
ter column can also be used to identify the mechanisms that are responsible for this
transport.
Hall and Bryden (1982) estimated the heat flux at 24 ON in the 1957 IGY
section to be 1.2 x 1015 W. The same result was obtained by Roemmich (1980) using
inverse calculations. Roemmich and Wunsch (1985) compared the 1957 data with the
1981 section and found the heat transport to be indistinguishable from computations
of air-sea heat exchange. They attributed the steadiness of the heat transport to the
invariance of the zonally averaged meridional circulation.
From Bottomley et al. (1990), the North Atlantic Sea Surface Temperature
(SST) was higher than the average (max 0.2 oC ) for a long period from the late 1930's
to the middle 1960's. Then a short cooling period occurred until the beginning of the
1980's. The rest of the 1980's and the beginning of the 1990's were also warmer than
average. The first cruise (1957) took place during the first warm period. During 1981
SST, was colder in the northern part but around the mean value at 250 N., and 1992
can be considered a warmer year with an annual mean 0.20C warmer than the average
1951-1981 (Newell per. com.). Our goal is to determine whether this mean surface
temperature correspond to any measurable change in the ocean heat transport.
3.2 Components of Atlantic Heat Transport at 24.5°N
The heat flux due to ocean currents across any latitude is well approximated by
T =J p C Vdz d (3.1)
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where the integration is over depth and longitude and V is the north-south component
of the absolute velocity of the water across the latitude circle in question, in this case
24.5 'N. The variables p, C, and 0 are the density, the specific heat capacity and the
potential temperature respectively. The mass of the system must be conserved. As we
consider the North Atlantic essentially a closed basin north of 24.50N, the meridional
heat transport in the North Atlantic alone can be calculated by integrating (3.1) only
in that ocean (Hall and Bryden, 1982).
Northward heat transport by ocean currents is the result of water flowing
northward at one temperature and returning southward at a lower temperature. Tem-
perature fluxes are considered to be the product of the estimated mass transport and a
calculated averaged temperature. This temperature, called velocity weighted average
temperature, is calculated dividing volume transport into temperature flux:
_ ffj' * OVdxdz
= f (3.2)f; fH(x) Vdxdz
Following the method of Hall and Bryden (1982), transport at 24.5 ON is
separated into the Gulf Stream transport through the Florida Straits and the mid-
ocean transport in the section between Africa and America. In this mid-ocean section,
transport is separated into geostrophic and Ekman transport components.
Since conservation of mass is required, northward transport by the Gulf Stream
flowing through the Straits of Florida and Ekman transport in the surface layer must
balanced by the southward geostrophic transport in the interior of the section.
We shall consider each component separately; Florida Straits, Ekman layer
flow and Mid-ocean geostrophic flow.
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3.2.1 Florida Straits flow
During the 1981 and 1992 cruises, sections across the Florida Straits were
made at 26 'N. However, to consider a mean flow across the Florida Straits section,
we will use long term values rather than the cruise data. Larsen (1992) estimates the
mean voltage-derived transport for the Florida Current at 27 °N to be 32.3 +3.2 x
106 m3s- 1 , and the velocity weighted temperature to be 19.1 ±0.6 'C.
Using more than two years of PEGASUS ocean current measurements at 27
'N. Leaman et al. (1987) found a similar average northward volume flux for the
Florida Current of 31.7 ± 3.0 x 106 m3 s- 1 . They also gave a transport of 27.3 x 106
m3 s- 1 between Key West and La Havana (but this value is less accurate because of
meandering effects).
According to Finlen (1966) (from Schmitz et al. 1992), approximately 2 x
106 m3 s- 1 on average joins the Florida Current in the Straits of Florida through
the Providence Channels located at roughly 26 'N, which is effectively north of the
24.5 0 N section. Subtracting this amount to the values given previously we obtain the
northward transport of the Florida Current across 24.5 0N to be 30 x 106 m3 s- 1. The
velocity-weighted average temperature is 19.1 *C. This value is consistent with the
value given by Niiler and Richardson (1973).
3.2.2 Ekman layer flow
The zonally integrated meridional Ekman volume transport is computed by:
f (r/f p)dx (3.3)
where 7 is the eastward wind stress, p is the density and f is the Coriolis parameter.
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B6ning et al., (1991) compare the Hellerman-Rosenstein (1983) climatology
with the Isemer and Hasse (1987) which represent a version of the Bunker Atlas for
the North Atlantic (Bunker 1976). At 24.5 ON the zonally averaged annual mean
eastern wind stress changes from about -0.5 dyn cm - 2 (Hellerman-Rosenstein) to
about -0.6 dyn cm -2 (Isemer and Hasse, 1987). Uncertainty in wind stress estimate
are large. Changes in wind stress may have occurred in recent periods but there
are not adequate data to support quantitative estimates. The Northward Ekman
transport at 24 ON was estimated by Roemmich and Wunsch (1985) to be 6 ±2
x10 6 m3 s- I from the wind stress tabulations of Hellerman and Rosenstein (1983).
Changes in the last decade will be assumed smaller than the uncertainty of 2 Sv given
by Roemmich and Wunsch (1985). The temperature transport was determined by
Hall and Bryden (1982) by
S(rl/p)OCdx (3.4)
where the potential temperature 0 was obtained by averaging the surface values with
the 50 meters temperature values. Dividing the volume transport into the temper-
ature flux, they obtained a velocity-weighted average temperature of 26.00C for the
Ekman flow in the mid-ocean section. Sea surface temperature may vary by ±0.3°C
over the three sections.
3.2.3 Mid-ocean geostrophic flow
The North Atlantic is essentially a closed basin, the northward Florida Current
and wind driven transport across 24.5 0 N must be compensated by a southward flow
across the section from the Bahamas to Africa, which is in geostrophic balance. From
the hydrographic data, we can compute the geostrophic flow through the section.
While there has not been time to carry out a full analysis of the geostrophic velocities
for the Hesperides 1992 section completed only 9 months ago, we will present some
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estimates of the mid ocean meridional circulation using end stations at the eastern
and western edges of the 1992 section and compare them with similar calculations for
the 1981 and 1957 sections.
3.3 Comparison on heat flux
Once we have determined the three components of the temperature transport,
the heat flux across this latitude of the Mid-Atlantic can be written by
TNA = I /Fs PCpOVFsdzdx + I Mo PCpOVEkimandzdx +
IIMo PCPOVgeotrophicdzdx (3.5)
where NA denotes North Atlantic, FS denotes Florida Straits and MO denotes our
mid-ocean 24.5 'N section.
A mass conservation argument requires that the 30 x 106 m3 s- 1 of northward
transport in the Florida Current and the 6 x 106 m3 s- 1 of northward Ekman transport
be compensated by the 36 x 106 m3 s- 1 of southward transport within the mid-ocean
section.
Our objective is to compare the heat flux estimates made from the 1957, 1981
and 1992 sections. We are going to calculate a general profile of geostrophic velocities
and obtain a barotropic velocity by the mass balance shown previously. Then we
will compute the heat transport and compare the three different cruises. We will do
the simplest calculation of heat flux by using the mean meridional flow from a single
pair of station. This pair consists of the westernmost station of each section, at the
western boundary and a representative eastern station, both deeper than 4000 m.
The chosen stations were stations 99 and 13 for the 1992 cruise, 236 and 162 for the
1981 cruise and stations 3623 and 3595 for the 1957 cruise. The North Atlantic at
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those latitude is separated by the Mid-Atlantic Ridge. In our simple model we will
assume that there is not net mass transport below 4000 m and that the contributions
to the heat flux from the flow below 4000 m are negligible. Also we will assume that
there is no pressure gradient across the Mid-Atlantic Ridge where it protrudes above
4000 m. While these assumptions are not really valid, we are trying to do a simple
comparison of heat transport for the three sections, treating each in a similar manner.
For the geostrophic calculations we need an initial reference level. The general
southward flow of AABW and AAIW below and above the North Atlantic Deep
Water respectively, suggest two possible reference levels, one at about 4000 m and the
other at roughly 1000 m (Speer and McCartney, 1991). Roemmich (1980) used both
1000 and 4000 m as initial reference levels for his heat flux calculations. Roemmich
and Wunsch (1985) obtained a northward flow as intermediate waters above a zero-
crossing at about 1300 m. We have chosen an initial reference level of 1100 m depth
for geostrophic velocity calculations between the pair of end-stations. Initially we
calculated the geostrophic velocity profiles for 1992, 1981 and 1957 cruises assuming
a zero velocity at 1100 m. For each of the standard depths (as mentioned in table 1.1),
we have calculated the area. The total vertical area across the section from surface
to 4000 m is 237.3 x 106 m2. Integrating in the vertical, we obtain the geostrophic
transport through those upper part of the section. Mid-ocean geostrophic transport
referenced 1100 m is -36.9 x 106 m3 s- 1 , for 1992, -31.7 x 106 m3 s- 1 for 1981, and
-41.0 x 106 m3 s- 1 for 1957 cruises.
Within our assumption for mass conservation, we compensate exactly for the
combined northward Gulf Stream and Ekman transport, a total transport of -36 x 106
m3s-1 is required in the the Mid-ocean. The addition of a uniform southward -0.004
cm s- 1 velocity to the geostrophic velocity profile for the 1992 data resulted exactly
in a southward mid ocean geostrophic transport of -36 x 106 m3/s. This velocity was
0.018 cm s- 1 for the 1981 cruise and -0.021 cm s-1 for the 1957 cruise. Figure 3.1
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presents the zonal absolute velocity profiles for the three cruises down to 4000 m such
that each profile yields a southward transport of -36 Sv.
A comparison of these velocity profiles for the different cruises shows velocities
which are similar in a large scale structure. There is a slight reduction in the strength
of the thermocline southward flow during 1992 and a slight increase in strength of
the southward flow in the UNADW. Between 700 and 1000 m, the northward flow
appears larger during 1992 and 1957 than in 1981.
For heat flux computations, we need the average potential temperature in
each standard depth for each cruise (Table 3.1) Using equation (3.2), extending the
integration from surface to 4000 m, we have obtained the velocity-weighted average
temperature for the three cruises (Table 3.2).
We follow the analysis that Bryden et al. (1991) have done for the transpa-
cific 24 *N section. Combining the Ekman layer, Florida current, and mid-ocean
geostrophic components, we can compare the net heat transport across the section.
The northward, wind-driven transport of 6 x 106 m3s- 1 at an average temperature of
26 0C and the northward Florida Straits transport of 30 x 106 m3s- 1 at 19.1 OC are
balanced by the southward mid-ocean return transport of 36 x 106 m3s- 1 at an aver-
age temperature of 10.14, 10.84, and 10.47 "C for the 1992, 1981, and 1957 cruises,
respectively.
The heat flux can be written as
TNA = (FST tFs + EKT tEK + MOT tMO) p Cp (3.6)
where FST stands for transport in the Florida Straits and tFs is the weighted-velocity
averaged temperature for this transport, and analogous terms are used for Ekman and
geostrophic Mid-ocean transport.
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0.2-0.6
cm/s
Figure 3.1: Zonal velocities
(dashed) and 1957 (dotted).
calculated from surface to 4000 m for 1992 (solid), 1981
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depth 01992 01981 01957
(m.) OC oC oC
0
50
100
150
200
250
300
400
500
600
700
800
900
1000
1100
1200
1300
1400
1500
1750
2000
2250
2500
2750
3000
3250
3500
3750
4000
26.35
24.10
21.93
20.37
18.76
17.72
16.93
15.40
13.78
12.20
10.60
9.01
7.72
6.83
6.24
5.78
5.41
5.08
4.77
4.15
3.66
3.26
2.96
2.72
2.52
2.36
2.22
2.11
2.03
26.55
24.68
21.67
19.94
18.42
17.38
16.65
15.34
13.85
12.27
10.62
9.01
7.70
6.74
6.16
5.73
5.38
5.05
4.76
4.16
3.66
3.26
2.96
2.72
2.53
2.37
2.23
2.12
2.03
Table 3.1: Average potential temperature calculated from surface to 4000 m at 24.5°N
at standard depths for each of the cruises, 1992, 1981 and 1957
year 80,(C)
1992 10.14
1981 10.84
1957 10.47
Table 3.2: Velocity-weighted average temperature (OC) calculated at 24.5 0 N for each
of the cruises, 1992, 1981 and 1957
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26.47
25.62
22.05
20.17
18.65
17.71
16.88
15.53
13.93
12.20
10.47
8.82
7.50
6.55
5.96
5.51
5.16
4.86
4.60
4.03
3.57
3.20
2.94
2.72
2.53
2.37
2.24
2.14
2.05
Component Transport Temp differences (OC) Northward heat
year heat flux (x 10 6 m 3 s- 1 ) with Mid-ocean transport(101sW)
1992 Ekman layer 6 26.0 - 10.14 = 15.86 0.39
Florida Straits 30 19.1 - 10.14 = 8.96 1.10
Net = 1.49 x 101sW
1981 Ekman layer 6 26.0 - 10.84 = 15.16 0.37
Florida Straits 30 19.1 - 10.84 = 8.26 1.02
Net = 1.39 x 1015W
1957 Ekman layer 6 26.0 - 10.47 = 15.53 0.38
Florida Straits 30 19.1 - 10.47 = 8.63 1.06
Net = 1.44 x 1015W
Table 3.3: Components of the heat fluxes, transport, difference of temperature, north-
ward heat transport and net heat transport across 24.50 N for 1957, 1981 and 1992.
Because the Mid-ocean transport above 4000 m compensates the other transport,
MOT = -FST - EKT, the equation (3.6) can then be written as
TNA = { FST (tFS - tMO) + EKT (tEK - tMO) } p CP (3.7)
Table 3.3 shows the values for the terms of equation (3.7). Transport by Florida
Straits and Ekman layer, differences of temperature with Mid-ocean section and the
total net transport for each cruise.
3.4 Discussion
The object of these simple calculations is to compare the mid-ocean velocity
profiles and resulting flow estimates across 24 ON for our three cruises by this simple
calculation of heat fluxes. A more realistic calculation would include the deep water
flow below 4000 m depth, and the contribution from the shallow eastern boundary
current, particularly the coastal current which is inshore from the first deep station
near Africa and the contributions from flows along the Mid-Atlantic Ridge.
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Below 4000 m, Hall and Bryden (1982) found southward transport by the North
Atlantic Deep Water (-9.5 Sv between 3500 and 4500 m), and northward transport
at the bottom by the Antarctic Bottom Water (6.8 Sv). We assume both of them
are compensated below 4000 m for the three cruises. We could have included 2 Sv of
northward transport, but our uncertainty is larger than that value.
Changes in Ekman transport is another factor to consider for a more complete
calculation, both components wind stress and sea surface temperature could have
some contribution to the changes in the heat transport.
The values obtained for the net heat transport for each of the three cruises in
these conditions are the same within the range of the errors we have in the calcula-
tions. This value is 1.44 x 10 5xW with a statistical deviation of +0.05 x 101sW. The
northward heat transports for the 1957 and 1981 240N sections were estimated by
Roemmich and Wunsch (1985) to be 1.1 and 1.2 PW using a variety of inverse model
calculations. We expect that a full analysis of the 1992 Hesp'erides rides section will
also yield a northward heat transport of about 1.2 PW. Thus the assumptions that
we have make in making this simple calculation of the ocean heat transport lead
to overestimating the heat transport by about 0.2 PW. We are mostly interested,
however, in possible time changes in the heat transport.
The results leads us to the conclusion that there is no significant difference
over time between the heat flux estimated from the three surveys performed in 1957,
1981 and 1992 at 24.50 N . There has been no measurable tendency in heat transport
over the last 35 years.
The structure continues to be defined as a southward flow in the thermocline
above about 600 m, a core of northward flow (perhaps of Antarctic intermediate
water) between 700 and 1100 m, and a generally southward flow from 1200 to 4000
m depths.
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We find no changes in the large scale vertical distribution, although there are
some changes in the magnitudes of the flows. The fact that between 700 and 1000
m northward flow seems to be larger during 1992 and 1957 than in 1981 could be
related to the changes in salinity detected around those depths in the Canary Basin.
The mean salinity was reduced by 0.017 pss between 1957 and 1981 and increased by
0.028 pss from 1981 to 1992. This is the depth range of the AAIW which is relatively
fresh. Stronger northward flow of AAIW in 1981 may have led to the lower salinities
observed in 1981.
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Conclusions
In this thesis we have used hydrographic data to examine the changes in oceanographic
conditions at 24.5 'N in the subtropical North Atlantic. The most significant finding
is that there is a long time scale warming in an ocean-wide band from 1000 m to 3000
m over the entire 35-years period from 1957 to 1992.
In the second chapter, the choice of a data interpolation scheme was presented.
We compared spline interpolation and objective mapping. There is a high degree of
similarity between cubic spline smoothing with a gaussian filter and objective mapping
methods. The results of the two methods, are within the expected error in all regions
except the boundaries. Cubic spline is simpler to use, but the advantage of calculating
expected errors made objective mapping the most suitable method of interpolation
for this analysis.
A general warming was found over the upper 3000 m of the North Atlantic at
24.50 N, over the entire 35-year period. There is warming in the layer from surface
down to 400 m, cooling between 400 and 500 m, and a significant warming between
600 and 2750 m. Significant cooling is found in water deeper than 3000 m in both the
North American and the Canary Basins. The 1992 section was 0.1 +0.09 oC warmer
than the 1957 section above 3000 m depth, with a tendency of 0.03 oC /decade.
This tendency characterized both periods, 1981-1957 and 1992-1981. There is high
variability over time over most of the upper 1000 m. Below 1000 m, a significant
warming of 0.1+0.02 oC has been observed. The rate of warming between 1000 and
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3000 m is 0.028+0.007 C/decade, a far more significant value but similar to that
found from 100 m to 3000 m.
Below 3000 m depth, the temperature decreases are statistically significant.
The cooling rate is -0.008+0.005 oC/decade in the North American Basin and in
the Canary Basin is -0.004+0.001* C/decade. This cooling has not been regular.
Strong cooling occurred in the Canary Basin for the 1981-1957 period and in the
North American Basin for 1992-1981. Changes in salinity at 24.5 °N are around
0.003 pss/decade above 3000 m and -0.002 pss/decade below 3000 m in the North
American Basin and -0.001 pss/decade in the Canary Basin. There is a general cooling
and freshening in the western boundary below 2000 m. Differences are greater than
-0.05 "C and - 0.01 pss for most of the area west of 70 'W. The eastern boundary was
also subject to cooling and freshening but in a lesser amount.
In Chapter Two we also discussed the relationship between changes in tem-
perature and the associated changes in water mass volume. The cooling detected
between 400 and 500 m occurs between the Upper and Mid-thermocline. Below this
region, water is warmer in the lower thermocline and UNADW layers. In deep water
we found cooling of the LNADW in both basins.
A warming at a constant pressure is equivalent to a deepening of isotherms.
Cooling produces uplifting of isotherms. The nonuniform change of the depth of
isotherms results in a change in the volume of water masses, as can be seen in Table
2.9. Over the 35 years in question the thermocline and deep water have increased in
volume and the volume of NADW has decreased in both basins. Thus, it appears that
the NADW is affected by both warming in its upper part and cooling in its deeper
part.
Expansion in the North American Basin occurs in the transition zone between
AABW and LNADW, at a rate of 9 km 2 /year. This rate is nearly constant over the
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total period studied. In the Canary Basin, the expansion is larger and has mostly
taken place in the last 11 years. Contraction occurs in the NADW. In the North
American Basin, the contraction of LNADW decreases from a rate of -13 km 2/year in
1957-1981 to a rate of -9 km2 /year in the period 1981-1992. In the Canary Basin most
of the reduction occurred in the first period. In the UNADW contraction occurred
in both periods but was larger from 1981 to 1992. Thermocline water has expanded.
In the lower thermocline, the expansion occurred in the first period and in the mid-
thermocline during the last period.
Before discussing what these changes mean for the North Atlantic general
circulation, let us first reiterate some of our conclusions concerning the 8/S relation-
ship. There are some indications that the 8/S relationship at 24.5 ON has changed
over time. Below a potential temperature of 3°C, the tendency is for water to become
warmer or fresher, while above 3 C the water appears to become colder or saltier.
In the lower thermocline water, mean salinity has increased with time in the North
American Basin, more so in the last decade than previously. In the Canary Basin, an
oscillatory behavior was evident with a reduction in the mean salinity from 1957-1981
and an increase from 1981-1992. Increases in salinity in the lower thermocline layer
during the last decade were of the order of 0.025 pss in both basins.
There are a number of possible explanations for these temperature and salinity
changes. NADW is affected by warming in the upper portion by the mid and lower
thermocline water and cooling in the deeper portion perhaps by cooling and reduction
of the transport of the deep western boundary current. The lower thermocline water,
in the tropical North Atlantic region, is dominated by the South Atlantic Water
(Wright and Worthington, 1970). Farther north in the eastern North Atlantic this
water mass gives way to the saline Mediterranean water. Worthington (1976) placed
the limit between this two water masses at 35.0 pss. At 6 OC (Figure 23 of his paper),
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the boundary is situated at 24.5 'N in the central part of the section but around 200 N
in the eastern basin and around 220N in the western basin.
We found indications of water fresher than 35.0 pss, (at 1000 m depth), in the
1992 cruise near 500W (Figure 1.3). These low salinity spots also appear in the 1981
cruise (Roemmich and Wunsch, (1985), Figure 2 c), and in the 1957 cruise (Fuglister,
1960; Plate 71) but to a greater extent ( i.e. between 45 and 65 OW). In this area
the longitudinal gradient of salinity is of the order of 0.1 pss per 40or 400 km, (from
Figure 23 Worthington, 1976). The temperature gradient is around 1 'C for the same
meridional distance. Meridional motion of the front between the two water masses, of
the order of 2 degrees in latitude, could cause an increase in temperature and salinity
of the same order as the differences we have found at 1000 m. This lifting might
have occurred with more intensity from 1957 to 1981 in the central part of the North
Atlantic and during the last period over the eastern and western sides of the basin.
In a calculation of the geostrophic transport between pairs of stations refer-
enced to 1100 db for the three cruises (not included in the thesis), I found a persistent
reduction on the northward transport between 800 and 1000 m depth for the two pe-
riods. This reduction of transport of AAIW is consistent with the idea of southward
motion of the front of influence of AAIW.
Roemmich and Wunsch (1984) in the 36 0 N section found that negative differ-
ences in temperature tend to compensate the positive ones so that the total average
temperature was unchanged from 1959 to 1981. They found a thicker layer of negative
temperature differences between 100 and 700 m, and warming below. It is possible
that since they found no net warming, the warming which we find only affects the
subtropical North Atlantic. North of this area the cooling in the upper layers com-
pensates for the warming below.
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According to Brewer et al. (1983), changes in the Denmark Strait overflow of
ventilated waters from convective basins to the north caused widespread freshening
of the deep Subpolar water during the 1960's and 1970's. At 24.5 °N, cooling and
freshening in the deep western boundary occurred during the first period (1957-1981);
and after 1981, the cooling and freshening in the western boundary has been reduced
but the effect has expanded all around the western basin. The Canary Basin has been
cooling and freshening but in a lesser amount than the North American Basin.
Lazier (1980) found a decreased production of LSW in the 1970's. Later he
reports (Lazier, 1988) that by the mid-1980's conditions in these waters had returned
to those of the early 1960's. This water flows southward at about 1500 m depth in the
western boundary, and a reduction in the source strength would presumably produce
a lesser amount of LSW and therefore a decreased influence on the UNADW. The
MOW (warmer and saltier than the LSW) could also influence the UNADW and it
leads to increases in temperature and salinity.
Rohling and Bryden (1992), in a study of the variation in characteristics of the
Mediterranean Intermediate Water (MIW) and Western Mediterranean Deep water
(WMDW) in the western Mediterranean, find an increase in temperature and salinity
with time. The Mediterranean Overflow Water would have an increase in temperature
and salinity. The fact that the changes at 24.5 ON do not show a zonal gradient does
not lend evidence to such hypothesis.
Finally, using a simple heat transport calculation, we find that there is no sig-
nificant difference between the heat fluxes estimated from the three surveys performed
in 1957, 1981, and 1992 at 24.5 0N .
Precise calculations of heat flux still needs to be done, as well as a comparison
of the fluxes of heat, salt, oxygen and nutrients with whose carried out by Rintoul
and Wunsch (1990).
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The rate of temperature change, between 100 and 3000 m, observed over the
period 1957 to 1981 by Roemmich and Wunsch (1984) has remained steady in the
last decade. This trend in the subtropical North Atlantic is a very important climatic
issue.
Comparing sections of hydrographic data is the best way to find temperature
and salinity trends over time, but these sections are available only at selected times
separated by long time intervals. Other measurement systems must be used between
hydrographic samples. To examine the structure of the climate variability long time
series hydrographic stations like the Bermuda are very useful. A project to create
a sampling station over time has been proposed by R. Molina (Instituto Espafiol
de Oceanograffa, Centro Costero de Santa Cruz de Tenerife) off the Canary Islands.
Time series in the Eastern North Atlantic would be very helpful for understanding
the circulation of this area and its influence in the rest of the North Atlantic.
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